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PART I









Suspended sediment samples were obtained from five tributaries
to the Great Lakes. Samples were collected to represent each season,
but the spring runoff period was emphasized. Measurements were made
of the total suspended sediment concentration and the distribution among
clay (0.2 - 2 pm), silt (2 to 20 um) and sand (>20 um) size fractions.
Comparison of mean concentrations with concentrations reported in
earlier investigations indicated the samples were representative of
the sampled tributaries. Mean suspended sediment concentrations (mg/L)
were 447 (Genesee), 34 (Grand), 171 (Maumee), 138 (Menomonee) and 211
(Nemadji). The concentrations varied widely in a given tributary;
coefficients of variation ranged from 37% (Grand)to 165% (Genesee).
Sediment distribution among the three size fractions was fairly uniform.
Comparison of the mean values for the five tributaries showed the highest
proportion (34 to 51%) was present in the silt fraction.
The ranges for

























































































































































































































































































































































































































































































































































































































































The approach in this investigation involved the collection of
samples to reflect the possible effects of season and discharge on
availability. Time-integrated samples were collected in an attempt
to obtain suspended sediment representative of the tributary suspended
load.
However, because the number of samples collected was relatiVely
small, evaluation of whether the samples collected were representative
of the tributary is particularly important.
The sampling program was
not designed to evaluate the suspended sediment loading, but rather to

















































































































































































Characteristics of the watersheds drained by the tributaries have
been described (1-4) and only a brief summary is provided for background
purposes.
The Genesee River Watershed (6,420 kmz) is mainly rural, except
for Rochester, New York at the mouth of the Genesee River on Lake
Ontario. Although Rochester is an important source of dissolved P,
about 80% of the particulate P is attributed to diffuse sources (2).
All samples were taken up stream from Rochester to minimize the influenCe
of point sources on the samples.
The Grand River (watershed of 14,660 km2) is the largest single
tributary to Lake Michigan and discharges at Grand Haven, Michigan.
Approximately 60% of the watershed is in agricultural use (5,6). The
sandy loam texture of soils in the watershed leads to high infiltration
rates and relatively low erosion and particulate P loadings. The
groundwater contribution to the river discharge is relatively high and
constant, minimizing the fluctuations in discharge as related to storm
events. About 60% of the particulate P loading is attributed to nonpoint
sources.
The Maumee River Watershed (17,100 kmz) is the largest watershed
draining into the Great Lakes on the U.S. side. The river discharges
into Lake Erie at Toledo, Ohio. About 90% of the watershed is in
agricultural use; the soils tend to be fine-textured and impermeable
(7). Most of the annual sediment load is attributed to soil erosion
(8). Estimates of particulate P loading range from 77 to 90% of the
total P loading mostly from nonpoint sources (2,3).
The Menomonee River Watershed (344 kmz) is mostly urban, draining
into Lake Michigan at Milwaukee, Wisconsin. The soils tend to be
poorly drained (9). Particulate P represents about 80% of the annual
total P loading. Samples were taken from a site reflecting the urban
influence of the watershed——yet distant from the Milwaukee Sewage
Treatment Plant located at Jones Island.
The Nemadji River Watershed (1,290 kmz) drains the red clay region
of northeastern Minnesota and northwestern Wisconsin and enters Lake
Superior at Superior, Wisconsin. The fine-textured soils are subject
to erosion even though the land is mostly forested (10); particulate





I—4. SAMPLING AND ANALYSIS
Collection of Suspended Sediment
Water samples were collected through the cooperation of
investigators located near the tributaries. The goal was to collect
samples during each season and representing events of different sizes
(discharge rates). Sampling stations were located near the river mouth
to obtain samples representative of the suspended sediment transported
to the Great Lakes. In most cases, sampling was conducted above large
urban areas located near the river—lake interface to avoid overemphasis
on point sources.
On the Genesee, the main sampling station was at Avon (above
Rochester, New York), a few km from Lake Ontario. Some samples also
were obtainedat Mt. Morris (above Avon) and on two tributaries to the
Genesee, namely Oatka Creek (about 35 km above Avon) and Canaseraga
Creek (about 100 km above Avon). The Maumee River was sampled at the
U.S. Geological Survey Gauging station at Waterville, Ohio, about 31
km above Lake Erie. The Menomonee River was sampled at the 70th street
bridge in Wauwatosa, Wisconsin, about 8.5 km above Milwaukee Harbor.
This station was selected to avoid possible major influences of the
Harbor on the tributary samples. The Grand River was sampled about
3 km below Grand Haven, Michigan, and these samples may reflect the
influence of point sources. The Nemadji station was located about
6 km above Lake Superior (St. Louis Bay) and should reflect largely
diffuse sources.
Samples were composited from several sub-samples obtained during
an event. The samples were shipped in polyethylene containers by
surface freight; no preservation was provided except for the Menomonee
samples which were refrigerated during transit and storage. Shipment
of samples generally took 1 to 4 days, and on arrival the samples
were refrigerated at 4°C.
Sample identification, sampling frequency, and distribution and
background information are presented in Tables 1—1 and Appendix Table
I-A—l. The importance of spring runoff was emphasized in the sampling
program.
  
   
 
   
Table I—l. Summary of tributary samples collected for
suspended sediment analysis
Number of Samples
Tributary Spring Summer Fall Winter
Genesee
Avon 5 0 l 1
Mt. Morris 0 O l l
Oatka Creek 0 0 l 0
Canaseraga Creek 2 l 2 0
Grand 4 l O 0
Maumee 2 l 0 l
Menomonee 6 3 0 l
Nemadji 7 1 2 1
Collection of Bottom Sediment
Tributary bottom sediment dredge samples (upper few cm) were
obtained from the Menomonee, Genesee, and Nemadji Rivers. These
samples are described in Appendix Table I—A-2.
Size Fractionation of Suspended Sediment
The suspended sediments were separated into size fractions of
<0.2, 0.2 to 2, 2 to 20, and >20 pm by settling and centrifugation
techniques. The <0.2 um fraction was defined as the "dissolved"
fraction; the other size fractions correspond to clay, silt, and sand,
respectively.
The initial separation involved continuous flow centrifugation
(Sorvall Model RC2—B) based on application of Stokes Law to angled-type
centrifuge rotors (11) to obtain the <0.2 um (supernatant or dissolved
fraction) and >0.2 um sized-fractions. For this separation, the
samples were centrifuged at 13,000 rpm (20°(D at a flow rate of 314 ml/min,
using the centrifuge head holding 8x50 m1 centrifuge tubes. The fraction
>0.2 um was resuspended and further fractionated by quiescent settling
(12). The respective settling velocities (cm/hr at 20°C) were 0.013 to
1.3 (0.2 to 2 pm), 1.3 to 130 (2 to 20 um), and 130 cm/hr (>20 um).
Sediment samples were analyzed without drying and subsamples were
analyzed for moisture content by drying at 105°C.
Size Fractionation of Bottom Sediment
The bottom sediment samples were suspended by shaking in distilled
water for about 1 hour. The samples were then sieved (2000 um), and
the gravel fraction (>2000 um) was discarded. The material <2000 um
was size fractionated into clay, silt, and sand size fractions by
quiescent settling as described above for the suspended sediment samples.
  



























































































































































































































































































































































































































































































































fraction represented about 30% of the T38 for the Genesee, Grand, and
Menomonee samples, but only about 15% for the Nemadji and Maumee. The
0.2 to 2 pm fraction averaged about 20 to 40% of the T83. The general





































































































































































related to a higher organic matter content in the finer than in the coarser
































































































































































































































Coefficient of variation, 2*
of samples
fraction, mg/L
0.2 to 2pm 2 to 20pm >20um





































































*c.v. = standard deviation % mean.
 The particle size distribution and organic matter contents of
3 bottom sediment samples are shown in Table 1-4. In contrast to the
suspended sediment samples, the bottom sediment samples contained a
high percentage of sand—size particulates (2 to 2000 um). However,
the sand fraction contained a negligible amount of organic matter,









































*Organic matter was estimated by the dichromate oxidation method (13).
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Shakers Crossing, N.Y. down-stream from Grand Station 014119000 at km














IV Jones Bridge at Highway 28 Sept 77 Flow rate - 205.5 m3/sec. II River mouth, 3 km. 23 Aug 77 Grand Rapids, MI. USGS 3
20A, Mt. Morris, N.Y. Sampled at rising portion down—stream from Grand Station 04119000 at km
of hydrograph. Haven, MI. 66. Flow rate - 23 n3/ 5
3 sec. Hater temp. I 20°C !
V Avon, NJ. 29 Sept 77 Flow rate I 238.9 m /sec. 7
Sampled at rising portion 111 River mouth; 3 km. 10 Apr 78 Grand Rapids, MI. USGS
of hydrograph. down-stream from Grand Station 01.119000 at km E
3 Haven. MI. 66. Flow rate - 391 n3/ n
‘11 Canaseraga Creek at 17 Febr 78 Flow rate I 6.2 III lsec. sec. Water temp. I 5°C. 1
Shakers CroSsing, N.Y.
3 IV River mouth; 3 km. 12 Apr 78 Grand Rapids, MI. USGS
VII Oatka Creek at 17 Febr 78 Flow rate I 7.1 m lsec. down-stream from Grand Station 04119000 at km
Garbutt. rm. Haven, MI. 66. Flow rate - 359 n3/
3 sec.
VIII Jones Bridge at Highway 17 Febr 78 Flow rate I 22.6 m lsec.
20A, Mt. Morris, N.Y. V River mouth; 3 km. 21 Apr 78 Grand Rapids, MI. USGS
3 down—stream from Grand Station 04119000 at km
IX Avon, N.Y. l7 Febr 78 Flow rate I 27.2 m lsec. Haven, MI. ﬁg. Flaw rate I 161
m /sec.
X Canaseraga Creek at 20 Sept 77 Flow rate I 101.3 m3/sec.
Shakers Crossing, FLY. NDiADJl RIVER
XI Canaseraga Creek at 22 Sept 77 Flow rate I 16.0 m3/sec. i 5.5 km from river mouth 20 May 77 Three days intemittant
Shakers Crossing, N.Y. (St. Louis Bay) between thunderstorm activity.
3 Hwy Abridge and 500 Line Rainfall I 4.5 cm. Flow
XII Cannaersga Creek at 21 June 77 Flow rate I 2.4 m /sec. RR bridge. South velocity I 4 cm/sec. ,
Shakers Crossing, N.Y. Superior, HI 5
XIV Avon, N.Y 29 Mar 78 Flow rate I 166.1 m3/sec. II 5.5 km from river mouth 1 June 77 Sampled at hydrograph ‘
water temp. - 2°C, (St. Louis Bay), between peek. Stage - 320 cm. _
3 Hwy Abridge and 500 Line Rainfall I 4.5 cm. Flow
XV Avon, NJ 6 Apr 78 Flow rate I 152.8 m /sec. RR bridge. South velocity I 105 cm/sec. ;
3 Superior, III 1
XVI Avon. N.Y 18 Apr 78 Flow rate I 283 In /sec.
Hater temp. = 2"(1 III 5.5 km from river A Aug 77 Thunderstorms. Stage
Reservoir release. mouth (St. Louis Bay). at normal summer level.
3 between Hwy Abridge and
XVll Avon, N.Y. 3 May 78 Flow rate I 73.6 m /sec. 500 Line RR bridge.
Hater temp. I 9 C. South Superior, WI
HENOHONEE RIVER IV 5.5 km from river 29 Sept 77 Sampled after 3—day rain
mouth (St. Louis Bay), (10 cm ppt). Stage I
1 Bridge at 70th St. , 2 Apr 77 Cage height 88 cm. between Hwy Abridge 312 cm. Discharge I 40 i
Hauwatasa, "1 Flow rate I 13.7 m /sec. and 500 Line RR bridge. m3/sec. Flow velocity I ‘
South Superior. WI 80 CID/sec; leaves presert
11 Bridge at 70th St., 28 June 77 Sampled at hydrograph in water.
WIWHCOSI. "1 peak. Gage height 83 Cm.
Rainfall I 1.5 cm. Flow V 5.5 km from river mouth 14 Nov 77 Gage height I 300 cm.
rate I 11.3 Illa/sec. (St. Louis Bay). between Flow rate I 32: mj/sec.
Hwy A bridge and 500 Line
In Bridge at 70th St., 18 July 77 Gage height I 99 cm. Flow RR bridge South Superior,
Hauwatosa, HI rate I 15.1 m /sec. 141 v
1V Bridge at 70th St., 8 Aug 77 Gage height I 61 cm. V1 5.5 km from river mouth 25 Febr 78 Late winter, just prior
"awatosa. "1 Sampled during hydrogravh (St. Louis Bay), between to spring runoff.
decli e. Flow rate I Hwy A bridge and 500 Line
3.7 m lsec. RR bridge. South
Superior, "1
V Bridge at 70th St., 13 Dec 77 Gage height I 62 cm.
Hauwatosa, HI Flow rate - A.0 m3/sec. VII 5.5 km from river mouth 30 Mar 78 Beginning of Spring run—
(St. Louis Bay). between off peak. Gage height I
V1 Bridge 35 70th Stu 3 F5171” 78 5532 height ' 52 cm. Hwy Ii bridge and Sec Line 370 cm and rising slowly.
Hauustosnn HI Flow rate I 2.1 m3/sec. RR bridge. South Ice present. Turbidity
Snowmelt. Superior, H1 abnormally low. Notable
to calculate flow rate
VII Bridge at 70th St.. 22 Mar 78 Gage height I 79 cm. Flow due to 11:9 cover,
Hauwatosa, HI rate I 9.9 m3/sec.
SnnWVH- VIII 5.5 km from river mouth 31 Mar 78 Peak of snow melt run-
(St. Louis Bay), between off: peak law this year.
VIII Bridge at 70th s:., 30 Mar 78 Gage height - 69 cm. Flow "W A bridge and 500 Line Gage height I ‘40 cru-
u.u.,.ma_ "1 ma . 5,7 m lsec. xx bridge. South Flow rate - 106 n3/sec.
Superior, WI Flow velocity I 91 cm/sec
Ix Bridge at 70th St., 6 Apr 78 Gage height - 75 cm. Flow
wawutosa, HI rate - 8.6 val/sec. IX 5.5 km from river 2 Apr 78 Samples obtained during
mouth (St. Louis Ray). decline of snow melt
x Bridge at 70th St., III Apr 75 Cage height - 87 cm. Flow between Rwy A bridge and runoff. Cane heixht '
wauuucoee, wI rate - 13.1. n3/sec. 500 Line RR bridge. 3 0 cm. Flow rate - (.4
Rainfall r L‘s rm. South Superior, WI m /sec. Flow velocity I
62 cm/sec. Large patches
HAUHEE RIVER of brownish scum on water
—“___ surface. River clear of
I uscs Station, 26 Apr 77 Mean aily flow rate - ice and stnav decllntnx
Haterville, OH 931 m /sec. Normal rapidly.
high-flow spring runoff
event. X 5.5 km from river mouth 8 Apr 78 Samples obtained during
(St. Louis Bay), between second spring runoff
11 uses Station, 5 July 77 Mean daily flow rate- M A bridge and 500 Line pe-k which resulted from
Haterville. OH 116 m3/sec. Sampled 3: RR bridge. South a spring snowfall.
hydrastlph Pelk. Superior, HI Sampled during hydrograd:
decline. Cage height I I
111 USCS Station, 7 Dec 77 Mean daily flow rate- [050 cm. Flow rate I 1210
Uaterville, OH 120 m3/aec. m /sec. =
I




(St. Louis Bay). between
Hwy Abridge and Son Line
RR bridge. South
Superior, WI
Gage height I 340 cm.
Flow rate I 45 lug/sec.
I—l4
 Appendix I-A-Z.

































Sample obtained at bend
in river. Depth of
river = 2.5m.
River


































































































































































































































































































































































































Appendix I-B—2. Organic matter content of suspended sediment
from selected rivers of the Great Lakes Basin
 
Sample Organic matter, Z in particle size fractions
No. >O.2 um 0.2 to 2 pm 2 to 20 um >20 um
GENESEE RIVER
VI 28 52 15 59
VII 70 46 95 87
VIII 10 40 7 8
IX 16 27 ll 21
X 4 9 4 2
XI 10 13 8 11
XII 13 24 10 16
XIV 4 7 5 2
XV 4 9 4 3
XVI 4 10 5 2
XVII 14 20 4 3
MENOMONEE RIVER
VI -- 25 -- --
1x 15 13 16 15
x 19 21 20 17
MAUMEE RIVER
III 19 15 18 29














V 13 15 9 75





































AVAILABILITY OF PHOSPHORUS IN SUSPENDED SEDIMENTS







The availability of inorganic phosphorus was measured in samples of
suspended sediment from five tributaries to the Great Lakes (Genesee, Grand,
lbumee, Ibnomonee, Nemadji) and in samples of recessional shoreline soils from
the northeastern shore of Lake Michigan and the southern shore of Lake Erie.
Two chemical methods were used to measure available inorganic P in the
sediment and soil samples; extraction with 0.1MNaOH (NaOH-P) and desorption
by equilibration with an anion exchange resin (resin-P). The NaOH-P was used
as an estimate of the maximum available inorganic P; resin—P was a measure of
a more readily available P fraction (released at higher concentrations of
inorganic P in solution). For the suspended sediment, mean values of NaOH-P
(as percent of sediment total P) were 14% for the Nemadji, 19% for the
Genesee, and about 35% for the Grand, Maumee, and Menomonee. Mean resin P
values ranged from 43 to 50% of the NaOH-P. The availability of inorganic P
was fairly uniform among the clay, silt,and sand size fractions for a given
tributary. Mean concentrations of available P (NaOH-P) in the suspended
sediments(ug P/g sediment) were 825 for the Grand, 469 for the Maumee, 460 for
the Menomonee, 162 for the Genesee, and 114 for the Nemadji. Mean
concentration of NaOH—P on a volume basis (ug P/L of water) were 132 for the
Maumee, 64 for the Menomonee, 36 for the Nemadji, 28 for the Genesee, and 16
for the Grand. For the recessional shoreline soils, available P (NaOH-P)
concentrations ranged from 1 to 11 ug P/g sediment, corresponding to l to 3%
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The goal of the investigation was to determine the availability
of phosphorus associated with suspended sediments transported to the
Great Lakes. Dissolved inorganic phosphate is the biologically-
available form of phosphorus. Consequently, the biological availability
of phosphorus in suspended sediments (particulate P) is determined by
the rate and extent of conversion to inorganic phosphate. Because
conversion to dissolved inorganic phosphate is controlled in part by
environmental factors, biological availability in situ depends on
location—specific conditions.
The relationships between particulate phosphorus, dissolved
inorganic phosphate, and algal phosphorus are illustrated in Fig.
II—l. Particulate P in suspended sediment can be divided into non-
apatite (largely Fe- and Al—associated), apatite, and organic forms
(1,2). The inorganic P forms tend to control the phosphate concentra—
tion in solution through adsorption—desorption or precipitation-
dissolution reactions. Particulate organic P will release dissolved
organic P to solution, but dissolved organic P must also be converted
to inorganic phosphate to become available.
Phosphorus—limited algae
can reduce the phosphate concentration to low levels (<0.1 ug/L),
thereby causing the release of particulate inorganic P to solution (3).
The extent of availability of particulate P can be viewed as depending
on the competition between the algal cell and the sediment particle for
phosphate in solution. Available particulate P is the amount released
from the particle at the given phOSphate concentration in solution.
Consequently, the factors controlling the availability of particulate
P in suspended sediments include 1. the forms and amounts of phosphorus
in the particulate fraction, 2. the residence time of the particle in
the lake water, 3. the phosphorus statusof the algal population, 4.
the solution phosphate concentration maintained by the algal or other
phosphorus sinks, and 5. other factors controlling the solubility of
particulate phosphorus such as pH and Eh.
Assessing the actual availability of phosphorus as controlled by
the above variables would require modeling the environment around the
sediment particle throughout its residence time in the lake water.
However, the potential availability of phosphorus can be evaluated by
meaSuring the particulate forms of P which could be released at a low


































Two main bioassay approaches have been used to estimate the potential
availability of particulate phosphorus: 1. Growth response bioassay
techniques (4-6), and 2. direct measurement of the conversion of sediment
inorganic P to algal organic P (5, 7—9). Both approaches can be used
to estimate the amount of available P in a given sample. However, the
direct measurement approach can also be used to determine the
availability of the different phosphorus forms.
In the direct measurement approach (7,8), uptake of sediment or
soil P was measured as the decrease in particulate inorganic P or the
increase in particulate organic P following incubation of a P-limited
algal P0PU1atiOH (SeZanastrum capricornutum)with the suspended soil or
sediment in a growth media containing the sediment or soil as the sole
source of P. This approach assumes that utilization of sediment P
involves the conversion of inorganic P (sediment) to organic P in the
algal cells; availability of sediment organic P is assumed to be
negligible. A small correction is made for inorganic P in the algal
cells. By measuring the amounts of non-apatite and apatite inorganic
P before and after incubation with the test alga, the relationships
between phosphorus forms and biological availability were evaluated.
A procedure involving sequential extraction with 0.1N NaOH fOIIOWed
by N HCl was used to measure the forms of soil or sediment inorganic P
(8). Under the conditions used, the NaOH—P andHCl-P fraCtions correspond
closely to the non—apatite and apatite inorganic P fractions, respectively
(1). For a wide range of soils a high proportion (regression coefficient
0.83) of the NaOH—P was available within 48 hr (8), while the HCl-P
fraction was essentially unavailable, even over a 4—week period.
Similar results were found for lake sediments (7). Consequently,
NaOH-P (or non-apatite inorganic P) appears to represent the maximum
amount of suspended sediment inorganic P likely to become available.
The uptake of the NaOH-P fraction from suspended sediment by algae
can be viewed as a desorption reaction (Fig. 11-1). The NaOH-P is
desorbed because of the low solution phosphate concentration maintained
by the P—deficient algae. Consequently, an alternative approach for
measuring available inorganic P is to measure the amount of sediment
P desorbed when a low solution phosphate concentration is maintained
by an anion exchange resin (6,10,11). For several soils, it was found
that the amount of inorganic P desorbed by the resin (resin-P)
corresponded to approximately 50% of the NaOH—P (10). The solution
phosphate concentration in the soil-resin system was near the chemical
detection limit, about 1 ug/L. Apparently, P—deficient algae are able
to reduce solution phosphate to a lower concentration than the resin
(perhaps <0.l pg/L), thereby resulting in a greater extent of inorganic
P desorption (3). Recently, it was shownthat the amount of soil
inorganic P desorbed by resin—fixed aluminum correspondedclosely to
the NaOH-P fraction, substantiating the belief that the NaOH—P can be








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































and about 25% of the total P loading.
The availability of inorganic P in the recessional shoreline
samples investigated was low (<3% of total P). If these samples are
representative, the contribution of shoreline erosion to available P
loadings to the Great Lakes is relatively low.
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 II-3. SAMPLING AND ANALYSIS
Collection of Samples
The suspended sediment samples collected from the Genesee, Grand,
Maumee, Menomonee, and Nemadji are described in Appendix I-A and I-B.
Samples of recessional shoreline material were obtained from the
southern shore of Lake Erie and the northeast shore of Lake Michigan.
These samples are described in Appendix II-A-l.
Analysis of Phosphorus Forms
Dissolved reactive phosphorus (DRP) was defined as the reactive
phosphorus present in the <0.2 um size fraction (15). Total phosphorus
was determined by the acid—persulfate digestion technique (16). Samples
digested by autoclaving (120°C at 15 psi), were neutralized and
analyzed (15). Digested sediment fractions were filtered (0.45 pm
Millipore) prior to neutralization. The total P in the sediment or
sediment size fraction was termed total particulate P (TPP).
Available inorganic P in suspended sediments was estimated by two
chemical methods, anion exchange resin desorption (resin-P) and dilute
NaOH extractable P (NaOH—P). Following the NaOH extraction, HCl was
used to extract the remaining sediment inorganic P (HCl—P). The sum
of NaOH—P + HCl—P was used as an estimate of sediment "total" inorganic P.
NaOH-P
The sediment was extracted (18 hr) with 0.1N NaOH in N NaCl in
50 ml polypropylene centrifuge tubes using a sediment solution ratio
of 1:1000 or wider, usually 1:2000 (15 mg sediment per 30 m1 reagent)
(8). The procedure is similar to procedures described elsewhere
(e.g., 17), except for the solution:sediment ratio. Following
extraction, the samples were centrifuged, filtered (0.45 Um Millipore),



































































































































































































































































































































































































































































































































































































































































































































































concentrations corresponding to desorption of resin-P (point B) and


















corresponding to the desorption of resin-P, and the phosphorus
concentrations in Great Lakes waters, it seems likely that in situ
availability might correspond more closely to resin-P than to NaOH-P.




































































Fig. 11-2. Hypothetical isotherm for inorganic P
adsorption—desorption by suspended
sediment illustrating the relationships
between apatite and non—apatite (NAIP)
and the inorganic P extracted as resin—P,
NaOH—P, and HCl-P. (A ~ 0.1 ug P/L;
B ~ 1 ug P/L)
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 II—4. RESULTS AND DISCUSSION
Availability of Particulate P in Suspended Sediment
Available P in suspended sediments was measured as NaOH—P and
resin—P; NaOH—P apparently represents the maximum amount of available
inorganic P in suspended sediments, while resin—P may correspond more
closely to the amount expected to become available from large particles
with a short residence time in the lake water or for sediment suspended
in lake water containing significant levels of dissolved inorganic P.
Proportion of available inorganic P in suspended sediment
The availability of inorganic P in suspended sediment varied
appreciably among the tributaries (Table 11-1). The group mean values
for NaOH—P (Z of total particulate P) were 14% for the Nemadji, 19% for
the Genesee, and about 35% for the Grand, Maumee, and Menomonee samples.
In spite of the wide variations in suspended sediment concentrations
and time of sampling, the NaOH—P fraction for'thesamples from a given
tributary was fairly constant (c.v. = 5 to 37%). This suggests some
uniformity in the available P characteristics of sediments transported
in a giVen tributary under different conditions of season, discharge
and suspended sediment load.
Relationships between resin-P and NaOH-P
 
The amounts of NaOH—P and resin-P in the suspended sediments were
closely related (Table 11-1); the group mean values for resin—P ranged
from 43 to 50% of the NaOH-P fraction. The resin—P represents a
"readily desorbed" fraction of the NaOH—P. The remaining NaOH—P
(NaOH—P minus resin—P) also can be desorbed if the solution inorganic
phosphorus concentration is sufficiently low. Solution inorganic P
concentration maintained in resin-soil suspension systems is
approximately 1 ug/L (10).
However, complete desorption of the NaOH-P
apparently requires the solution inorganic P concentration to be below
the chemical detection limit, perhaps <0.l ug/L (8).
Apparently, for
the suspended tributary sediments, a solution concentration of about














































































































































































** Number of samples.
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 Similarly, Sagher (8) found that 1/2 of the P desorbed from soils
in an algal-soil suspension was desorbed when the solution inorganic P
concentration had been reduced to approximately 1 ug/L. Based on these
phosphorus concentration—desorption relationships, the amOunts of inorganic
P desorbed from suspended sediments in waters of the Great Lakes may
correspond more closely to resin—P than NaOH—P.
Available P-particle size relationships
The distribution of available P according to suspended sediment
particle size was investigated because available P might be concentrated
in the fine particulates and because the residence time in the lake
water column would be longer for fine than for coarse particulates.
For the grouped samples, the proportion (Z of particulate P in size
fraction) of available P (NaOH—P or resin-P) in the three size fractions
(0.2 to 2, 2 to 20, >20 um) was fairly constant (Table 11—2). The
exceptions were the higher proportion of available P (resin—P or
NaOH-P) in the fine (0.2 to 2 pm) size fraction of the Grand and
Menomonee samples. Relatedly, in the 0.2 to 2 um fraction, the resin-P
also represented a higher proportion of the NaOH—P in the Grand (75%)
and Menomonee (63%) than in the other size fractions or composite
sample (about 50%; Table 11—1). In the Grand samples, this was related
to the high proportion of resin—P in the Grand I sample (Appendix II—B).
In the Menomonee, the higher ratio of resin-P/NaOH—P was found in 5 of 8
samples collected. The high prOportion of resin-P to NaOH-P indicates
the inorganic P in these fractions would be released more readily than
in the other fractions. Apparently, the slope of the adsorption-desorption
isotherm is lower for these suspended sediments. This would result in
the desorption of a higher proportion of the NaOH-P at the solution
inorganic P concentration maintained in the resin-suspended sediment
system (see Fig. II—2).
The high proportion of NaOH—P in the 0.2 to 2 pm size fraction of
the Grand and Menomonee samples was accompanied by a decrease in the
proportion of organic P (Table 11-2); the proportion of HCl—P in the
0.2 to 2 pm fraction was similar to the proportion in the other size
fractions. A high proportion of HCl—P was observed for the >20 um size
fraction of the Genesee samples (Table 11-2). This increase in HCl—P
was associated with a decrease in the proportion of organic—P.
In spite of the exceptions discussed above, the relative phosphorus
composition was similar for the different size fractions (Table 11—2).
This similarity in composition indicates that the larger particles may
be composed in part of aggregates of smaller size particles. The
sediments were dispersed by shaking in water 12 to 18 hours prior to
particle size fractionation. The use of chemical or vigorous physical
dispersion techniques was avoided because the goal was to obtain
particle siZe—settling velocity informationrepresentative of the
suspended sediment transported to the Great Lakes. The harsh dispersion

















































Table II—2. Distribution of phosphorus fractions among particle size fraction*
P fraction as Z of total particulate P in size fraction
  
Composite,
Tributary 0.2 to 2 um 2 to 20 um >20 um >O.2 um
Resin-P
Genesee** 6 9 5 8
Grand 40 16 17 19
Maumee 18 17 14 17
Menomonee 29 15 16 17
Nemadji 7 7 7 7
NaOH-P
Genesee** 24 18 14 18
Grand 53 36 34 37
Maumee 36 32 32 34
Menomonee 46 36 37 38
Nemadji 16 l4 16 15
HCl—P
Genesee** 35 44 58 44
Grand 18 19 17 18
Maumee 18 20 25 20
Menomonee 28 25 26 27
Nemadji 43 61 51 51
Total organic P
Genesee** 41 38 28 35
Grand 28 46 49 48
Maumee 46 48 43 47
Menomonee 26 39 37 38
Nemadji 41 25 _ 33 32
*Mean valuesfor the samples collected (see Appendix I-A-l, Table I—3). Note:
Because data was not obtained on all size fractions for some samples, the
composite values above may differ somewhat from values calculated from the
mean size distribution (Table 1-3) and the mean P distribution in the size
fraction (above).




























































































































   
  
particles. The relative uniformity in the proportion of available P
in the three size fractions (Table 11—2) combined with a similar
uniformity in sediment distribution (Table I—3) indicates that the
amounts of available P in the three size fractions are similar.
Because of the low proportion of sediment (N152) in the >20 um
fraction of the Maumee and Nemadji (Table 1—3), the proportion of
available P in that size fraction is correspondingly lower than in the
0.2 to 2 and 2 to 20 um fractions.
Particle size information is of interest because availabilityis
controlled in part by the residence time of particles in the lake water.
Large particles may settle from the water column before transport to
the open lake water or release phosphorus to solution. Available
evidence indicates that the rate of phosphorus desorption is rapid
(8,10). For example, most of the NaOH-P fraction was desorbed from
soil particles within 48 hr when the soil was incubated in suspension
with P-deficientalgae (8). The settling velocities of the three size
fractions selected in this investigation (measured directly to separate
the fractions) were 0.01 to 1.1, 1.1 to 110, and > 110 cm/hr
respectively, for the 0.2 to 2, 2 to 20 and >20 um size fractions.
Using a 20 m water column as a frame of reference, the corresponding
residence times would be >76 days for the 0.2 to 2 um, 0.76 to 76 days
for the 2 to 20 um, and <18 hr for the >20 um size fraction. Considering
the expected increase in residence time in the actual lake system due
to turbulence, settling velocity could be a limiting factor in
controlling P availability for the >20 um fraction, but should be
relatively unimportant for the two smaller size fractions. For the
suspended sediments in these size fractions, phosphorus concentration
in solution will likely be more important than settling velocity in
controlling the availability of the particulate inorganic P.
Concentrations of available P in suspended sediments
Comparison of phosphorus concentrations (ug P/g sediment) in
suspended sediments (Table 11—3) provides further insight into the
available P characteristics of suspended sediments. Comparing sediments
from the different tributaries, the total inorganic P concentration
(Table II-3) tended to increase in the same order as the proportion of
available inorganicP (Table 11—1), i.e., Nemadji = Genesee < Menomonee =
Maumee = Grand. This indicates that variations in suspended sediment
inorganic P concentration are related more to variations in available P
(NaOH—P) than non-available P (HCl-P). The NaOH-P concentration
(Table 11-3) increased in the same order as the proportion of NaOH—P
(Table 11-1), i.e., Nemadji < Genesee < Menomonee = Maumee = Grand.
In contrast, the concentration of HCl-P was less variable between
tributaries and relatively unimportant in accounting for variations
in total inorganic P concentration (Table II-3). The total inorganic
P concentration was exceptionally high in the Grand (1184 ug/g) as compared
to the other tributaries (429 to 759 ug/g). This was related mainly
to the high NaOH—P concentration (825 ug/g) as compared to the NaOH—P
in suspended sediments from the other tributaries (114 to 469 ug/g).
The high NaOH-P level in the Grand samples (1184 ug/g) was related in






















































































































162 ug/g; Appendix II—A—Z).

























































the average resin—P value (59 ug/g) found in this investigation
























































































were found( 22). The corresponding values from this investigation
(Genesee) are 162 ug/g and 284 ug/g for NaOH—P and HCl—P, respectively.
The combined amounts of P extracted by the NaOH and CDB reagents (22)
should be approximately the same as P extracted by the NaOH reagent
in this investigation because of the wider sediment:solution ratio used
here (8).
For eastern Michigan tributaries draining into Lake Erie, Logan
(22) found average values of 823 ug/g for NaOH-P + CDB—P and 163 ug/g
for HCl—P. This compares with the average values of 825 ug/g for
NaOH—P and 359 ug/g for HCl-P found in the Grand samples (Table 11—3).
The results of this investigation are also in agreement with results
obtained by Thomas and Williams (23) for stream and lake samples on
the Canadian side of the basin. For several streams, available P
(non-apatite inorganic P) ranged from 27 to 40% of total particulate
P (mean is 33%). This compares to the range of 14 to 37% for the
U.S. streams in this investigation (Table II—l). Similarly the
Canadian values for Lake Superior (14%) and Lake Erie (37%) samples
are in agreement with the corresponding tributary values (Nemadji and
Maumee, respectively) from this investigation. The higher Canadian
value for Lake Ontario (31 to 32%) as compared to the value for the
Genesee (19%) may reflect differences in the soils on the U.S. and
Canadian sides in this region.
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 Available P loadings
 
Amounts of available inorganic P in suspended sediment expressed
as a proportion of sediment total P (Table II—l) or as the concentration
of P in the sediment (Table II-3) are not necessarily reflective of the
relative amounts of available P transported on a unit volume or unit
time basis (Table 11-4).
Differences betWeen streams in suspended
sediment concentration or discharge are major factors in available P
loading rates.
For example, because of a low average suspended sediment
concentration, the Grand ranked lowest among the five tributaries in
particulate available P/unit volume (pg P/L) even though the Grand River
ranked highest in available P concentration (ug P/g)
in the suspended
sediment (Table 11-4).
However, the relatiVe ranking for available P
concentration amongthe other four tributaries was the same on a volume
(pg/L) or sediment weight (pg/g) basis.
The relatively high average
discharge rates for the Maumee,
Grand and Genesee are major factors
in accounting for the relatively high annual loadings of available
particulate P for these tributaries.
However, the relatively low
suspended sediment concentration in the Grand results in a lower
available particulate P loading rate than.for the Maumee in spite
of the high discharge rate, and high concentration of available P in the
Suspended sediment of the Grand.
The estimated annual tributary loadings of total particulate P (24)
and the average proportion of total P present as available P (Table II—l)
in the tributary sediments can be used to calculate the estimated annual
loading of available P in suspended sediments
(Table 11—4).
These
values can be compared with the estimated dissolved P loadings
(assumed
to be available)
to evaluate the relative importance of dissolved and
particulate available P loadings.
According to these estimates,
























































































































no tributaries to Lake Huron were measured,







 Table 11—4. Comparison of dissolved and particulate available P loadings in tributaries.
 
Available particulate inorganic P** Available P from diffuse sources***
Suspended Concentration Concentration Of total Distribution
Tributary Discharge* sediment* in sediment on volume basis particulate P Annual Loading Dissolved Particulate
m3/sec mg/L ug/g ug/L 2 tonnes Z++ --——-.—~——Z
Cenesee+ 78 259 110 28 19 97 23 23 77
Grand 114 19 825 16 37 202 58 57 43
























Mean "historical" values (2A).
** NaOM-P; measured in this investigation; concentration on a volume basis was calculated from the measured concentration in sediment
and the mean "historical" suspended sediment concentration.
*** Calculated from the dissolved and total particulate P loadings for 1975 (2k) and the mean available P level (NaOH-P as Z of total
particulate P) found for each tributary in this investigation (see column 5 above). Dissolved P is considered to be completely
available.
+ Avon station samples only.
Expressed as Z of the total P loading.
H




Based on unit area loading (24).
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 to be about the same as that in Lake Michigan and Lake Erie tributaries
(about 35%). However, the proportion of available P contributed by P
in suspended sediments differs appreciably among tributaries, as shown
in Table II—4.
Availability of Particulate Inorganic P in Recessional Shoreline Soils
The recessional shoreline soil samples were characterized bya low
proportion of available P (resin-P or NaOH—P) and a high proportion
of HCl—P (Tables II—S and 11-6). Total particulate P concentration
ranges were 35 to 1086 pg P/g for size-fractionated samples and 39 to
513 ug P/g for composite samples. However, resin-P and NaOH—P
concentration ranges were 3 to 36 pg P/g and l to 33 ug P/g, respectively,
corresponding to 2 to 12% and l to 11% of the total particulate P.
For all recessional shoreline samples, HCl—P was the dominant fraction,
representing >682 of total particulate P concentration for the
composite samples.
The recessional shoreline soils exhibited no clearly distinguishable
trends with respect to size fraction (Table 11-6); general uniformity
existed for all P fractions, especially in the percentage of available
particulate inorganic P (NaOH—P or resin—P). The highly siliceous
sand fraction (>20 um) of the Lake Michigan shoreline samples was
extremely low in total P content (Table 11-6).
The NaOH—P and resin—P fractions were in close agreement;
consistently higher NaOH-P values, as observed for the suspended
sediments, were not found. This uniformity is shown for all size
fractions except the sand fractions of samples 0-1, 0—3 and Sleeping
Bear 3-2 (Table II—6). The resin-P values were much higher than NaOH-P
for these samples. These differences are attributed to inadequate
separation of the soil from the resin during the analysis, and partial
extraction of additional soil inorganic P into the resin—Pi fraction
as the inorganic P was eluted from the resin by acid treatment. The
resin-P method requires the sand fraction to be presieved to exclude
particles >250 pm to allow subsequent separation of the resin from the
resin-soil mixture prior to elution of the resin with acid. If soil
particles (>250 um) are retained with resin, the acid will extract P
from the soil particles, resulting in an overestimation of the resin-Pi
fraction. For samples containing appreciable amounts of particles
>250 um—-as the case with these soils——NaOH—P results were considered
more reliable estimates of particulate inorganic P.
For the non—fractionated or composited size-fractionated samples,
(Tables 11—5 and 11—6), available P (NaOH—P) ranged from 1 to 16 ug
P/g, corresponding to l to 4% of the total P. The one exception was the
Peterson Park 1—2 composited sample (NaOH—P is 10% of total P). However,
this corresponds to only 6 ug P/g due to the low total P content of this
sample. A small variability in the NaOH-P concentration (ug P/g) can
result in a large percentage difference in NaOH—P for those samples






















































































































































































Table 11—6. Inorganic phosphorus distribution in size—fractionated samples from
recessional shoreline soils along the Great Lakes
5011 No. and $011 in Phosphorus distribution“
frlcticn fraction Tot-1 P Resin-P NsOH-P HCl—P Resin-P NaOH-P HCl-P
—- um ———-Z——— us P/g z of Total P
SOUTHERN LAKE ERIE SHORE
0-1
0.2-2 1 125 3 ND 54 2 —° 43
2—20 72 354 10 5 326 3 1 92
>20 27 379 33 2 343 9 1 91
>0.2 -— 358 16 (4) 328 5 (1) 92
0—3
0.2—2 1 110 5 ND 34 5 - 31
2—20 63 367 18 17 342 5 5 93
>20 35 316 34 2 332 11 1 105
>0.2 —— 343 23 (11) 332 7 (3) 97
0-6
0.2—2 1 315 13 7 243 4 2 77
2—20 65 462 7 4 377 2 1 82
>20 36 400 11 5 346 3 1 87
>0.2 —- 439 8 4 365 2 1 83
0—7
0.2—2 3 1086 32 10 853 3 1 79
2—20 50 536 11 5 410 2 1 76
>20 47 423 8 3 377 2 1 89
>0.2 —- 499 10 A 408 2 1 82
NORTHEASTERN LAKE MICHIGAN SHORE
Sleeping
Bear 3-2
0.2—2 0.4 174 15 s 90 9 5 52
2-20 13 496 22 33 296 4 7 60
>20 99.3 64 8 1 47 12 2 73
>0.2 -- 66 8 1 4B 12 2 73
Peterson
Park 1-2
0.2—2 0 -- — —— -- — -- -
2-20 9 329 36 38 297 11 9 90
)20 91 35 3 4 32 9 11 91
>0.2 - 61 6 6 SB 10 10 92
 
*Phosphorus present as Resin-P, NsOE-P and HCl-P.
an incomplete data for size fractions.
ND indicates concentration was not distinguishable frol the blank.
II-Zl
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Management Strategy for the Great Lakes System.



















































RECESSIONAL SHORELINE SOILS AND TRIBUTARY SEDIMENTS




No. Location Material Comments
Southern Lake Erie Shorel Ohio


















































































































































of harbor below noneroded portion


























3—4 T29N,R15w,5ec.25 Hard clay layer Sampled 62m above beach





























































































































































































































































































































































































































































































































































































































































































































>0. 2 1360 67 315 --- 5 23 --


















































>0.2 609 68 125 396 11 21 68



















































>0. 2 529 25 66 225 5 12 62


















































>0.2 560 37 101 237 7 18 62


















































>0. 2 --- 58 ——— --- -- -— -- ~
































































0.2-20 1310 81 265 628 6 19 33


















































>0.2 708 51 78 612 7 11 58


















































>0. 2 913 90 239 371 10 26 61


















































>0.2 883 78 163 --- 9 18 —-


















































>0.2 652 30 85 388 5 13 60
v1 0.2-2 608 119 172 221 20 28 37


































>0.2 809 92 169 617 11 18 52
x 0. 2—2 827 281 365 160 36 66 19
2-20 1526 63 537 357 6 35 26
>20 1360 115 681 272 8 3s 20
0.2 1290 135 675 281 10 37 21
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Information on the amounts, forms and distribution of nitrogen compounds
associated with size—fractionated suspended sediments is lacking. However,
the status of nitrogen compounds has been investigated in bottom sediments (l-
6), soils (7-9) and wastewater systems (10,11). These systems are related
closely to the suspended sediment system and offer insight into evaluation of
the nitrogen status of suspended sediments.
The quantities of nitrogen in suspended sediments range between 0.02 and
10%, representing nitrogen from eroded subsoils and sewage outfalls,
respectively. Other nitrogen sources include precipitation, fertilizers,
septic tank effluent, runoff, nitrogen fixation, organic matter decomposition
and sediment release.
The type of nitrogen present depends on the nitrogen source, sediment
geochemistry, internal transformations and environmental conditions. Up to
50% of the organic nitrogen in soil is not characterized as being among known
compounds (8,12,13).
Available nitrogen is defined as that fraction of the total nitrogen that
is readily to moderately assimilable by either phytoplankton or macrophytes.
The most important of these are the inorganic nitrogen and simple hydrolyzable
organic compounds containing free amino or amide groups. The inorganic
nitrogen forms in solution (ammonium and nitrate)are considered directly
available, while organic forms are made available through conversion to
inorganic nitrogen (mineralization). The inorganic nitrogen compounds occur
as either fixed or exchangeable ammoniumand nitrite or nitrate. Exchangeable
ammonium is adsorbed to particles, especially in alkaline systems. Fixed
ammonium is held within the lattices of clay minerals and is the only form of
inorganic nitrogen considered unavailable (14). Nitrite and nitrate are
associated with the anion exchange sites and water held in the interstitial
spaces of the particulates.
Naturally occurringorganic nitrogen compounds are primarily in the form
of free and condensed amino acids, amino sugars, purines and pyrimidines and
comprise the major form of nitrogen associated with particulates in aqueous
systems. These compounds, with the exception of some of the refractory
components, are mineralized fairly rapidly and are considered to be available
sources of nitrogen in aquatic systems. In soils more than 95% of the
nitrogen is organically combined and from 1 to 3% of this is mineralized
during the growing season. Much (40%) of the organic nitrogen also is in the
form of amino acids, amino sugars and nucleic acids. These compounds have
been shown to undergo rapid mineralization when added to soils (15,16).
However, mineralization of soil organic nitrogen is retarded by association
with soil organic and mineral components.
Numerous attemptshave been made to develop a nitrogen availability
index. However, the biological stability inherent in various nitrogen
III—1
 fractions still remains a matter of conjecture. This biological stability may
be due to the formation of lignoprotein complexes involving reaction of
carbonyl groups in lignin with amino groups in proteins. These complexes may
be highly resistant to mineralization (8,17). Organic nitrogen compounds are
also known to be adsorbed on and within clay minerals, thereby retarding
enzymatic hydrolysis (18-20). Also, inorganic ammonia and nitrite have been
shown to react with organic matter, resulting in conversion to unavailable
forms (21). However, these more recalcitrant nitrogen associations and
complexes may not exist for extended periods of time (17), and generally have
not been found in soil in appreciable amounts (22).
Some of the more accepted nitrogen availability indices involve
quantifying those selected nitrogen fractions which have been shown to be
preferentially mineralized during incubation experiments (14,23-25). It
should be noted, however, that the types of organic matter found to be readily
mineralized are highly variable (26). Consequently, implication of
availability for a specific nitrogen fraction is a relative distinction, and
differences in availability between different organic nitrogen fractions may
be only moderately significant.
The amino acid-N fraction is generally accepted as the fraction
preferentially mineralized during incubation; this has been demonstrated for
soils and sediments. For example, evaluation of the changes in the
mineralizable N distribution in soils during incubation (24) and extensive
cultivation (14) indicated that the greatest nitrogen loss was associated with
decreases in amino acid-N and hydroxy amino acid-N. Similarly, greater
nitrogen losses were observed to occur in the nondistillable acid-soluble-N
(amino acid-N) fraction than that of other nitrogen fractions during
cultivation and cropping (7). Relatedly, it was concluded that nondistillable
acid soluble-N was decomposed to a greater extent than other fractions (27-
32).
In lake sediments, amino acid-N tends to be more abundant and hexosamine-
N is less abundant in eutrophic than in oligiotrophic lakes, apparently
because the sediment organic matter has undergone less microbial turnover in
eutrophic lakes as a result of lower dissolved oxygen concentrations. This
suggests that under favorable environmental conditions the amino acid-N
fraction is mineralized preferentially (l).
The data of Kemp and Mudrochova (3) suggest preferential mineralization
of amino acid-N in Lake Ontario sediments. They observedvarying organic
Czorganic N ratios throughout the sediment profiles. The higher CzN
ratios occurred in horizons having very low sedimentation rates. A sharp
decline in amino acid-N was observed in these horizons. It was concluded that
nonhydrolyzable nitrogen is associated with sediments that have undergone
extensive humification. The nitrogen associated with humified organic matter
is known to be more biologically stable (8). Similarly, the proportion of
amino acid nitrogen to total nitrogen was found to decrease with age in most
soils (33).
Chichester (25) evaluated the nitrogen status of size-fractionated
organo-mineral soil particulates. It was found that greater biological
mineralization of organic-N occurred within the finer than the coarser
particulates. The amount of mineralizable N in each particle size fraction
III—2
 
 varied directly with the concentration of total N and inversely with the
corresponding C:N ratios. Higher C:V ratios resulted from greater amounts of
undecomposed plant residues in the coarser particulates than in the finer
particles. Nitrogen mineralization in the fine particulates was 3 to 4 times

























































































































































































































































































































































































































































The annual available nitrogen loading from different sources was
calculated using historical values for suspended sediment concentrations,
discharge and dissolved nitrogen, and the measured concentrations of
particulate available nitrogen. The annual loads were 180, 220, 3,800, 6,500
and 44,200 metric tons for the Menomonee, Nemadji, Genesee, Grand and Maumee
Rivers. These values represent 66 to 96% of the total nitrogen load. The
annual available nitrogen loadings were influenced most strongly by discharge
rate and concentration of dissolved inorganic nitrogen. The dissolved
inorganic nitrogen contributed 55 to 91% of the annual available N load. The
low loadings in the Menomonee and Nemadji reflected the low discharge and
moderate concentration (mg/L) of particulate available nitrogen. The Genesee
and Grand Rivers had intermediate available nitrogen loads. This resulted from
high discharge even though the particulate available nitrogen concentration
(mg/L)was relatively low. The Maumee River exhibited the highest annual loading
which was due to a high discharge rate and a high particulate and dissolved
available nitrogen concentration (mg/L).
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which in turn is analgous to the amino acid-N frac on of Stevenson (33).
Dissillable acid soluble N is comparable to (AN + HN).
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Mean concentrations of the different nitrogen forms in size-
fractionated suspended sediments
   
Sediment Suspended Particulate—N distribution





0.2—2 22 0.78 (11) 4.76 (68) 1.62 (23) 7.00
2-20 46 0.17 (12) 0.84 (61) 0.40 (29) 1.37
>20 32 0.14 (7) 1.18 (58) 0.75 (37) 2.04
>0.2 332 0.25 (10) 1.42 (59) 0.80 (33) 2.42
0.2-2 26 2.73 (13) 17.11 (80) 1.71 (8) 21.09
2-20 44 0.50 (10) 3.80 (74) 0.87 (17) 5.11
>20 30 0.34 (5) 2.19 (32) 4.31 (64) 6.77
>0.2 546 0.57 (7) 4.73 (59) 2.86 (35) 8.08
MENOMONEE
0.2-2 31 3.08 (27) 4.82 (42) 4.95 (43) 11.40
2-20 34 1.03 (18) 3.17 (56) 1.80 (32) 5.71
>20 35 0.39 (8) 3.01 (16) 1.70 (35) 4.91
>0.2 138 0.80 (16) 3.11 (55) 2.01 (35) 5.65
MAUHEE
0.2—2 42 1.93 (33) 2.05 (35) 2.23 (38) 5.90
2-20 44 0.36 (8) 2.94 (63) 1.44 (31) 4.69
>20 14 1.50 (20) 4.52 (61) 2.15 (29) 7.41
>0.2 171 1.17 (21) 3.13 (55) 1.55 (27)' 5.64
GRAND
0.2-2 21 7.59 (44) 6.74 (39) 6.07 (35) 17.26
2—20 45 1.00 (8) 6.94 (55) 4.82 (38) 12.58
>20 34 1.48 (16) 5.37 (57) 2.89 (31) 9.42
>0.2 34 2.29 (18) 6.74 (54) 4.21 (34) 12.49
NEMADJI
0.2-2 34 0.82 (15) 2.12 (40) 2.54 (48) 5.33
2—20 51 0.19 (6) 2.41 (42) 1.81 (54) 3.36
>20 15 0.40 (17) 1.36 (57) 0.77 (32) 2.40
>0.2 211 0.38 (10) 1.73 (43) 1.87 (48) 3.87
*Values for composite (>0.2 um) fraction expressed in mg/L.
**Values in parentheses are percentages of total-N in size fraction.
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Inorganic Inorganic* Hydrolyzable** Availab1e*** Nonavailable+ Total
ng/L ZTT
GENESEE
1.1 (0.6-1.5) 5 (2-10) 59 (37-80) 67 (36-88) 33 (12-6A) 0.24 (0.12—0.64)
MENOMONE E
2.2 (1.3-2.8) 16 (7-19) 55 (49—67) 65 (61-72) 35 (28—43) 0.57 (0.39—0.98)
MAUMEE
5.3 (O.8-10.0) 21 (5-29) 55 (44-58) 73 (63-93) 27 (27-37) 0.56 (0.46-0.65)
GRAND
2.1 (0.7—3.7) 18 (6-22) 54 (45—70) 66 (63—73) 34 (27-37) 1.25 (0.72-1.82)
NEMADJI
1.0 (0.4—2.3) 10 (6—20) 49 (37-59) 52 (51—70) 48 (30-53) 0.39 (0.09-0.48)
 
* Includes N03. N0, and exchangeable NH“.
** Includes ammonium. amino acid and hexosamine nitrogen.
*'* Includes hydrolyzable-N and (N02+N03)-N.
f Includes total-N minus available-N.













































have been reported (38,39). These very high concentrations are atypical for
most mineral soils, particularly the sandy soils common in the Grand
watershed. The high values probably reflect the influence of urban point
sources (Grand Haven). Relatedly, the dissolved inorganic-N concentration
also was quite high, averaging 2.1 mg N/L (Table 111-2). Most of particulate
inorganic N (86%) was in the form of (N02 + NO )-N. However, the
concentration of exchangeable NH —N was high (mean of 0.30 mg/L), compared
with previously reported values 38). This high concentration of exchangeable
NBA-N may also reflect the influence of point sources.
The distribution of the various nitrogen forms was essentially uniform
among the different Grand River samples (Table III-3). Hydrolyzable—N
averaged 54% of the total particulate-N (Table 111—2). Pbst of the nitrogen
(48%) was present in the form of hydrolyzable amino acid-N and hexosamine-N
(data not shown). Amino acid-N (AAN) constituted most of the nitrogen in this
fraction and is considered to be a readily mineralizable form of organic-N,
particularly under aerobic conditions. The nonhydrolyzable-N and
unidentifiable hydrolyzable-N fractions accounted for 34% of the total-N and
are considered to be less available forms of nitrogen (Table III-2). The
readily available inorganic N comprised 18% of the total N.
The nitrogen distribution in the size-fractionated particulates varied
with type of nitrogen (Table III-1). The nitrogen concentration was highest
in the finer particulates, resulting from increased concentrations of
inorganic-N and (UHN + NHN). The concentration in the (AN + AAN + HN)
fraction was relatively uniform among the three size fractions.
Maumee River
Interpretation of the data from the Maumee sediments is somewhat
restricted due to the limited number of samples. However, some complementary
information is available (40).
The Maumee River sediments contained high mean concentrations of all
forms of nitrogen (Table 111—1). The mean inorganic-N, (AN - AAN + HN) and
total-N concentrations were 1.2, 3.1 and 5.6 mg N/g, respectively. These high
concentrations are more consistent with values observed for bottom sediments
(1,3) than for soils. The inorganic-N is particularly high and variable and
occurred primarily in the form of (N02 + N03)-N. Relatedly, the high sediment
(NO2 + N03)-N concentrations were directly proportional to the dissolved
(NO2 + N03)-N concentrations. The amount of inorganic N in the sediment,
partiCularly (N02 + N03)-N,was inversely proportional to the river flow rate
III—9
 Table III—3.
(>0.2 um) suspended samples
Concentrations of the different nitrogen forms in individual composite
 
Flow Exchangeable Non
Sample no. rate NH4+N02+N03 Hydrolyzable availab1e** Availab]e*** Total
mj/sec mg N/g+
I 5.2 0.92 -- -- -— --
III '97 0.74 1.92 -- 2.42 ~—
IV 206 0.03 (2) 1.18 (87) 0.16 (12) 1.19 (88) 1.35
V 239 0.15 (8) 0.82 (46) 0.88 (49) 0.92 (51) 1.80
v1H 6.2 —— 4.43 (73) —— —— 6.04
VII 7.1 -- 7.72 (55) '~ —- 14.09
VII] 23 0.46 (15) 0.75 (24) 2.02 (64) 1.14 (36) 3.16
[X 27 0.61 (10) 2.38 (37) 3.38 (53) 2.98 (47) 6.36
X 101 0.08 (3) 2.05 (78) 0.52 (20) 2.12 (80) 2.64
XI 49 0.36 (8) 2.91 (63) 1.40 (30) 3.22 (70) 4.62
XII 2.4 0.91 (7) 10.52 (81) 1.67 (13) 11.36 (87) 13.03
XIV 164 0.05 (3) 1.41 (76) 0.41 (22) 1.44 (78) 1.85
XV 153 0.04 (3) 0.93 (80) 0.20 (17) 0.96 (83) 1.16
XVI 283 0.17 (9) 1.43 (73) 0.37 (19) 1.58 (81) 1.95
XVII 74 0.03 (2) 1.10 (80) 0.26 (19) 1.11 (81) 1.37
Composite 96 0.49 (8) 2.70 (62) 1.02 (29) 2.54 (71) 4.45
W
I 13.7 0.21 -- -- -* --
11 11.3 0.84 (16) 3.50 (65) 1.78 (33) 3.61 (67) 5.39
111 15.1 0.68 (17) 1.80 (46) 1.70 (43) 2.22 (57) 3.92
[V 3.7 0.62 (14) 2.26 (52) 1.60 (37) 2.74 (63 4.34
x1H 2.1 4.71 (45) 1.74 (18) 3.84 (39) 6.00 (61) 9.84
VII 9.9 0.36 (7) 3.25 (67) 1.35 (28) 3.50 (72) 4.85
VIII 5.7 0.89 (14) 3.48 (54) 2.24 (35) 4.17 (65) 6.41
1X 8.6 1.66 (19) 4.26 (49) 3.05 (35) 5.69 (65) 8.74
X 13.4 1.10 (19) 3.20 (54) 2.32 (39) 3.60 (61) 5.92
Composite 8.6 0.80 (16) 3.11 (55) 2.01 (35) 3.65 (65) 5.65
EAUHEE
I 931 0.31 -- —- -- -
11 116 2.19 1.70 (a4)’r‘r‘r 0.15 (7)+++ 1.88 (93)+++ 4.62“ri
III 120 1.88 (29) 2.87 (44) 1.78 (27) 4.71 (73) 6.49
IV 2572 0.29 (5) 3.38 (58) 2.15 (37) 3.65 (63) 5 80
Composite 389 1.17 (21) 3.13 (55) 1.97 (35) 4.10 (73) 5.64
GRAND
II” 41 3.73 (22) 9.69 (57) 6.15 (36) 10.76 (64) 16.91
11 28 3.89 (21) 8.19 (45) 6.75 (37) 11.48 (63) 18.23
III 391 1.22 (7) 3.51 (49) 2.49 (35) 4.70 (65) 7.19
IV 359 1.94 (21) 4.60 (51) 2.62 (29) 6.45 (71) 9.07
V 161 0.65 (6) 7.70 (70) 3.03 (27) 8.01 (73) 11.04
Composite 221 2.29 (18) 6.74 (54) 4.21 (34) 8.28 (66) 12.49
NEMADJI
1 —- 0.49 —— —- —- -—
II 43 0.29 (12) 1.04 (44) 1.20 (50) 1.18 (50) 2.38
III -- 0.20 (10) 0.95 (49) 0.86 (44) 1.09 (56) 1.95
IV+Jr 40 0.21 (11) 0.78 (40) 1.01 (52) 0.92 (48) 1.93
vH 34 1.18 (24) 1.71 (34) 2.31 (46) 2.69 (54) 5.00
VI -— -- 5.61 (42) —- —— 13.31
VII -— 0.09 (6) 0.89 (59) 0.57 (38) 0.94 (62) 1.51
VIII 106 0.62 (20) 1.77 (58) 0.91 (30) 2.14 (70) 3.05
1X 64 0.26 (7) 2.10 (53) 1.72 (43) 2.24 (53) 4.22
X 124 0.10 (11) 0.33 (37) 0.47 (53) 0.41 (47) 0.88
X1 45 0.35 (7) 2.11 (44) 2.35 (49) 2.40 (51) 4.75
Composite 65 0.29 (10) 1.25 (49) 1.14 (45) 2.00 (52) 3.90
*Inclndes (ammonium + amino acid + hexosamine)-N.
**Inc1udes (non hydrolyzable + unidentifiable hydrolyzable)-N.
***Inc1udes hydrolyzable-N and (N02+N03)4.
1Values in parentheses are percentage of total—N.
110.2—20 um size fraction.
































































































































































































































































































































































































































































































   
  
 
N—rich silt and clay during a low flow event which contained high amounts of
organic matter. The proportion of the mean total particulate N in the
composite samples occurring as inorganic-N and (AN + AAN + HN) was 16 and 55%,
respectively (Table III-2). This is similar to the distribution in the Grand
and Maumee sediments.
Approximately 50% of the total-N was contained in the clay fraction
(Table III-l). The remaining N was distributed equally between silt and sand
fractions. The increased amount of N in the clay fraction resulted in part
from the high concentrations of inorganic-N and (UHN + NHN) in this
fraction. The (AN + AAN + HN) tended to be distributed equally between the
size separates.
There was a slight seasonal trend in the concentration and distribution
of N (Tables III-3 and Appendix I-A-l). During the summer months (Samples II, '
III and IV) the concentrations of all forms of N were reduced equally. This
resulted froma decrease in the N concentration in the clay fraction and/or
decrease in the proportion of N-rich clay (Appendix III-A-l and I-A-2). The
reduced amount of N may be more a reflection of the distribution and nature of
the particulates during different runoff events thana seasonal trend. The
Menomonee particulates contained both variable and high amounts of organic
matter which affected the particle size-distribution and concentrations of N.
Nemadji River
 
The Nemadji River generally contained low amounts of particulate-
associated N; however, higher N concentrations were observed during the late
fall and winter months when the amount of sand was low and the organic matter
content was higher (Samples V and VI; Table III-3; Appendix I-A-2). During
the spring snowmelt the proportion of (AN + AAN + HN) increased.
The mean concentrations of inorganic-N (AN + AAN + RN) and total-N in the
composite sediments were 0.4, 1.7 and 3.9 mg N/g (Table III-l). These are
similar to concentrations reported for Genesee sediments. Much lower total
Kjeldahl N concentrations ((0.05%) were reported for suspended and bottom
sediment ((0.05%) from the Nemadji River and bottom sediment from the Lake
Superior entry (42).
The average dissolved-N concentration was 1 mg N/L (Table III-2). About
60% of the dissolved inorganic-N was present as (NO3 + N02)-N. The dissolved
(NO3 + N02)—N concentration in Nemadji tributaries was reported to be 10 to
60% of that present in the Nemadji River (43).
The relative proportion of the various nitrogen forms between samples was
similar, except for an increase in the (AAN + HN) during the spring snowmelt
events (Samples VII, VIII, and IX, Table III-3). The mean inorganic-N and (AN
+ AAN + HN) concentrations were 10 and 49% of the total-N (Table TIT-2).
These values are somewhat low in comparison to other river sediments. During
snowmelt events, (AN + AAN + HN) increased to 57% (Table III-3) of the total-N
as a result of decreases in the amounts of (UHN + NHN) and inorganic-N. This
coincided with the observation of brown patches of scum on the water
surface. During the winter a greater portion of total-N was distributed in
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the inorganic-N fraction. Most of the inorganic-N was in the form of N03-N,
probably indicating diffuse source inputs. The high amounts of total-N during
this period resulted from the increased organic matter content of the
sediment. This organic matter may have originated from bedload in view of the
reduced possibility of erosion of organic debris from frozen soils.
The highest concentration of all N forms occurred in the clay fraction
(Table III-l). The concentration of total-N was 1.4 times greater in the clay
than in the composite sediment. This was due to a higher concentration of
inorganic-N and (UHN + NHN) in the clay. Conversely, the sand contained the
lowest amount of total-N due to lower concentrations of (UHN + NHN). The silt
fraction contained low amounts of inorganic-N and moderate amounts of organic-
N. During winter, the particle size distribution changed substantially due to
lower discharge rates (Appendix I—A-Z). This resulted in an increased
proportion of N-rich fine particulates (Appendix III-A—l). However, the flow
rates and suspended sediment concentrations during the winter were so low that
the amounts of N entering Lake Superior were reduced.
Factors Controlling Particulate Available N
Concentrations in Tributary waters
The concentrations of particulate available-N in the tributaries to the
Great Lakes are influenced by l. tributary discharge, 2. sediment delivery
ratio, 3. sediment particle size distribution and 4. the available-N
concentration and distribution among sediment particle size fractions.
Considerable variation exists in the importance of these factors for the
different tributaries. This section is concerned with the importance of these
factors in controlling the particulate available N concentrations (amount/unit
volume) in the different tributaries.
In the Genesee, Menomonee and Nemadji Rivers (event response
tributaries), the sediment delivery ratio increases sharply with flow. The
total suspended solids (TSS) versus discharge slope values (Table 1-2) clearly
indicate this trend. The Maumee River is also an event response tributary,
but the slope value is much lower because the Maumee watershed is large and a
runoff event occurring in one portion of the Watershed may be moderated
elsewhere by baseflow.
Generally, the sediment load for the Genesee, Menomonee, and Nemadji
Rivers consists mostly of suspended sediment rather than bedload from channel
erosion. In addition, the particle size distribution and the concentration of
available-N in the suspended sediment depends more on intensity and location
of rainfall in the watershed, cover conditions or other factors, than on
tributary discharge rate. These factors are particularly apparent in the
Nemadji River. For example, during high flow periods (i.e., spring snowmelt,
intense runoff events), the available nitrogen concentration in sediment was
low, but because of the very high sediment concentration the particulate
available-N concentration in the water was quite high. Conversely, during low
discharge periods (i.e., winter, summer), the concentration (mg/g) of
particulate available-N increased. However, the available-N concentration was
reduced because the suspended sediment concentration was low. The fluctuating
III-l3
 concentrations of suspended sediment (mg/L) and available-N (mg/g) during high
and low discharges, were moderating influences on the variability in
particulate available-N concentrations. As a result, the particulate
available-N concentrations tended to be related to discharge rate.
Variations in the particulate available—N concentration in the Menomonee
River wererelated closely to suspended sediment load. In turn, the sediment
load was related closely to discharge rate (Table 1—2). Therefore, these two
factors largely controlled the annual available-N load from the Menomonee
River-—due to the uniform concentration (mg N/g) of available-N during
moderate to high discharges. The concentration was more variable during low
discharge events as a result of increased amounts of organic matter. However,
this was insignificant because these events accounted for a very small portion
of the annual available-N loading.
The proportional relationship between sediment concentration and
available-N concentration may be due in part to the homogeneous nature of the
suspended sediment. The particulates contained a high portion of organic
matter which may act as an aggregating agent. It is possible that the
fractionation scheme did not disperse the sediments completely, and the
intrinsic nature of the particulates may not be reflected in the three size
fractions obtained (Part I). As a result, the available N distribution among
the size fractions was relatively uniform.
The particulate available-N concentration in the Genesee River was
variable and controlled by several factors, the most important being the
sediment size-distribution and concentration. Discharge rate was not an
important factor in determining the amount of available-N in the water column
because of the rather poor relationship between T88 and discharge (Table I-
2).
Also, the high mean concentration of available-N in the clay, though
several times greater than in the silt and sand (Table III-l), was too
variable to be an indicator of amount of available-N in the water (Appendix
III-A-l).
However, the amount of available N (mg/L) was significantly higher
during runoff events with high suspended sediment concentrations (Samples V,
XIV, XV, Table III-3).
These events occurred generally during moderate to
high discharge periods.
Concentrations of clay, silt and total sediment were
the controlling factors during periods of reduced available-N
concentrations.
Generally, the concentration of availablerN in the sediment
had a minor effect on particulate available-N concentration in the water.
Lower concentrations of available-N resulted from reduced T38 and more
specifically from reduction in the amount of silt and clay.
Though the
available-N concentration in the sediment (mg/g) varied considerably during
these events (Samples III and XVII), the actual amount of particulate
available-N in the water was controlled by the amount of suspended sediment.
Particulate available-N concentration in the Maumee River--like that of
Nemadji River-~was
primarily influenced by flow rate.
Sediment concentration
was not proportional to flow rate especially at high flow rates.
This is
indicated by the low value for TSS against discharge relationship
(Table I-
2)
Also, the sediment size-distribution was quite stable (Table I—3) and the
concentration
(mg/L) of particulate available-N was controlled almost
exclusively
by silt and clay particulates which comprised some 86% of the
sediment.
The sand fraction had little influence on available-N loadings,

































































Annual Loadings of Available—Nitrogen



















occurred in the form of dissolved—N, although the relative distribution

















































































































































































































































































































































































































































Rivers which had high discharge rates.
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 Table III—4. Comparison of dissolved and particulate available N loadings





































ma/sec mg/L mg/L mg/g Z Tonnes Z+ -——~—-—~*Z
GENESEE++
78 259 0.42 1.62 67 3,836 82 69 31
yENOMONEE
2.7 138 0.50 3.65 65 177 90 78 22
MAUMEE
141 283 1.16 4.10 73 44,175 96 91 9
GRAND
114 19 0.16 8.28 66 6,468 81 66 34
NEMADJI
11 312 0.62 2.00 52 222 66 55 45
*Includes particulate N02+ N03+NHQ+ AAN + HN measured in this investigation. Concentration (Vol)
was calculated from the observed nitrogen concentration (wt) in the sediment and the mean histori—
cal suspended sediment concentration.
**Genesee, Grand and Maumee values are calculated from the dissolved and particulate diffuse N
loadings for 1975, reported by Sonzogni et al. (44) and the mean available N distribution
(available N as Z of the total particulate N) found for each tributary in this investigation (see
column 6). Menomonee and Nemadji values based on unit area loadings (44), The amount of
dissolved organic N is considered relatively insignificant.
***Mean historical values from Sonzogni et al. (44), except Menomonee River values which are from
Banncrman et al. (41).
+prrossod as u 7 of the diffuse total N
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Tuhlo llI-A-l. NlLrogen distribution (11 0121‘ fractionated suspended sedtments of samples from selected rivers in the Great Lakes Basin
      
V Nilrugcn distribution __ Nxtmgen distribution _
Sediment Sediment
517.2 Exchangeable sue Exchangeable
Sample fracuon N114 1102 + 1103 Hydrolyzable“ Total Sample fraction NH N02 + no Hvdrolyzable" Total
No. .11. mg/y, mg/L lug/g mg/L mg/y, mg/L nag/g ng/L N0. 1.... mfg ng/L lug/g 6,291. rug/g mg/L lug/g 6.3/1
iﬁ'ﬂﬂii‘i’ﬂ W)
1 dlss -— 0 -- 0.49 —- —- —— —— xvdies -- 0.14 -- 1.26 -- -— —— ——
0.2—2 0.51 (0.01 2.73 0.02 -~ -- -— -- 0.2—2 0 0 0.12 0.02 1 38 0 21 1.65 0.25
2—20 0.14 0.01 0.40 0 01 —— -- ~- »— 2-20 0.01 0.01 0.02 0.01 1 17 0 29 1 32 0.36
>20 0.16 0.01 0.31 0.01 —— —- u —- 20 0.01 0 01 0 0 0 50 o 11 0 66 0.15
.-0.2 0.20 0.01 0.72 0.03 —— -— -— —— 0.2 0.01 0.31 0.03 0.02 0 93 0 61 1 16 0.76
111 dies -- 0.32 -- 0 88 —- 0 52 -» —— WI .11" ~ 0 07 »— 1.05 —— -- -— ——
0 2-2 1 01 0.01 2.65 0 02 5 64 0 05 —— —- 0.2—2 0 0 0.15 0.01 3.12 0 24 3 28 0.25
2-20 011 10.01 0.09 0 01 1.47 0.04 —- —— 2-20 0.04 0.01 0.13 0.01 1.08 0 09 162 0.13
>20 011 -0.01 0.22 0 01 1.07 0.02 «- -— 20 0.01 0 01 0.17 0.02 0.44 0 05 1.22 0.13
>0.2 0.24 0.01 0.50 0 03 192 0.11 -— —- «0.2 0.02 0.01 0.15 0.04 1.43 0.38 1.95 0.51
1v d166- -- 1.12 —— 1 40 —— -— -- --WI! 81115 —— 0 14 -- 0.98 —— -— ~—
0 2-2 0.02 r 0.01 0.01 0 01 0 16 0.24 1.25 0.27 0.2—2 0.01 0 01 0.01 “0.01 193 0.67 2. 0.77
2-20 0.05 0.01 0.01 I 0 01 0 71 0.11 1 02 0.16 2-20 0.06 0 01 0 0 0 95 0.13 1. 0.18
>20 0.02 0.01 0.01 '0 01 1 39 0.50 1 56 0.55 20 “0.01 0 01 '0.01 '0.01 0 46 0.19 0. 0.27
>0.2 0.02 0.02 0.01 0 01 1 18 0.86 1.35 0.98 >0.2 0.02 0 01 0.01 -0.01 1 10 0.99 1. 1.22
v d1ss -— 0.07 —- 0.49 -- —- —— -— MEMOMONEE RIVER
0.2-2 0.11 0.02 0.22 0.04 1.55 0.28 2.19 0.40
2-20 0.02 < 0.01 0.07 0.01 0.76 0.13 1.43 0.25 1 dias —— 0.14 —— 2.66 —— —— -—
>20 0.02 0.01 0.03 0.01 0.27 0.06 1.79 0.40 0.2—2 0.17 0.01 0.51 0.02 -— -— ——
>0 2 0.05 0.03 0.10 0.06 0.82 0.47 1.80 1.04 2-20 0.06 0.01 0.13 0.02 -- —— --
'20 0.04 0.01 0.11 0.03 —— —— --
v1 :11“ -— 0.14 -- 1.40 A- -- —— -- >0.2 0.06 0.03 0.15 0.07 —— -— -— —-
0 2—2 0.45 (0.01 3.59 0.02 10.84 0 05 14 43 0.07
2-20 -— -— —— -- 2.29 0 02 3.30 0.03 11 d1“ -- 0.39 —— 1.05 —— —- -- -—
0 2—20 —- -- -- -- 4.43 0 07 6.04 0.10 0.2-2 8.31 0.14 0.58 0.01 15.16 0.26 33.25 0.57
2-20 0.31 0.03 0.08 0.01 2.80 0.26 4.41 0.41
v11 cuss -- 0 20 -— 1.96 -- -- . —- -— >20 0.27 0.05 0.08 0.02 2.51 0.55 4.46 0.68
0.2-2 1 80 0 01 3 57 0 02 11.20 0 06 14.77 0.08 >0.2 0.73 0.22 0.11 0.03 3.50 1.07 5.39 1.65
2-20 —- —- -— 7.18 0 02 10.05 0 03
>20 -- -— —— 1.12 0 01 16.03 0.05 111 diss —— 0 27 —— 0.88 —— —— -— --
>0.2 —— —— —— —— 7.72 0 08 14.09 0.16 0.2-2 0.40 0 04 1.04 0.10 2 11 0.20 6.84 0.66
2-20 0.13 0 02 0.12 0.02 1.52 0.24 2.33 0.36
V111 diss -- 0.35 —— 1.40 —— —- -— —— >20 0.37 0 02 0.20 0.01 2.03 0.12 3.62 0.21
0.2—2 0.50 0.01 2.06 0.04 0 0 16 54 0.29 >0.2 0.26 0 06 0.42 0.13 1 80 0.56 3.92 1.23
2—20 0.02 «0.01 0.16 0.01 0.96 0 07 1 78 0 12
>20 0 0 0 11 0.01 0 73 0 03 1 16 0.05 11' digs —— 0.63 -~ 1.40 -- -— v- --
>0 2 0 07 0.01 0.39 0.05 0 75 0 10 3 16 0.46 0.2-2 1.00 0.01 3.09 0.02 1 60 0 01 5.09 0.02
2-20 0.10 “0.01 0.63 0.01 1 69 0 03 3.23 0.05
IX diss -- 0.07 —- 1.40 -- -- —— -- 20 0 04 '0.01 0.08 <0.01 2 54 0 10 4.65 0.19
0 2—2 0 0 1.15 0.02 16.88 0.27 28 76 0.46 >0.2 0.14 0.01 0.48 0.03 2 26 0 14 4.34 0.26
2-20 0 0 0.56 0.04 0 15 0.01 1.10 0 08
>20 0.06 /0.01 0.28 0.01 5 10 0.11 7.31 0.15 v diss -~ 0.70 -- 2 24 —— -— -- ——
>0 2 0 01 0.07 0.60 0.07 2 38 0.39 6 36 0 69
v1 diss —- 2.03 -- 0.91 —- —- -- —-
x 11151; —— 0.07 —- o 98 —~ —— —— —- 02-2 0.24 (0.01 4.26 0.03 0.64 <0.01 0.77 0.06
0.2-2 0 03 0.02 0.23 0 16 5.22 3 50 6.75 4.53 2-20 1.29 <0.01 4.25 (0.01 6.74 0.01 14 62 0.16
2—20 0 0 0.03 0 04 1.07 1 33 1.48 1.82 0.2—20 0.45 0.01 4.26 0.03 1.74 0.01 9.84 0 22
>20 0 0 0.01 0 01 1.19 1 26 1.40 1.48
>0.2 0.01 0.02 0.07 0 21 2.05 6 09 2.64 7.83 v11 diss —— 0.35 -- 1.26 -— -— -— —-
0 2-2 0.64 0.01 1.79 0.02 5.09 0 04 10.95 0.10
x1 81” —- 0.07 -- 1.12 -- —- —— -- 2-20 0.05 <o.o1 0.07 "0.01 3 20 0 11 4.24 0.14
0.2-2 0 0 0.05 0.01 4.79 0.61 7.30 0.94 ‘20 0.05 (0.01 0.07 <0.01 2 88 0 10 3.99 0.14
2-20 0 0 0.05 0.10 1.56 0.19 3.55 0.42 >0.2 0.11 0.01 0:25 0.03 3 25 0 25 4.65 0.38
>20 0.04 0.01 0.15 0.02 2.34 0.34 3.18 0.46
>0.2 0.02 0.01 0.33 0.13 2.91 1.14 4.62 2.16 V111 8136 —- 0.28 -- 2.52 —— —- -- ——
0.2-2 0.67 (0.01 0.35 0.02 5 33 0 02 9.24 0.06
x11 d1ss —— 0.21 —— 0.12 -- -- —- -- 2—20 0.13 (0.01 0.10 0.01 2 38 0 02 3.83 0.04
0.2—2 0 0 3.43 0.03 53 51 0.49 62 22 0.60 >20 0.08 0.01 0.18 -'0.01 3 49 o 05 5.97 0.08
2—20 0.08 <0.01 0.49 0.02 6 88 0.30 7 20 0.34 >0 2 0.20 0.01 0.69 0.02 3 43 0 09 6.41 0.18
>20 0.09 <0.01 0.61 0.02 4.13 0.15 5.70 0.23 .
>0.2 0.07 0.01 0.84 0.07 10.52 0.94 13.03 1.17 xx dlss —— 0 «- 2.10 -- -- -- --
0.2-2 0.39 <0.o1 2.17 0.03 5.60 0.07 10.97 0 14
x1v d1ss -— 0 -- 0.91 —- —v —— -- 2—20 0.14 «0.01 1.09 0.01 3.81 0.04 7 50 0 08
0.2—2 0 0 0.09 0.01 2 79 0 35 3.90 0.50 >20 0.07 <0.01 0.50 <0.01 3.97 0.02 6 82 0 03
>20 0.02 10.01 0.03 0.01 0.43 0.06 0.63 0.08 >0.2 0.23 0.01 1.43 0.04 4.2 0.13 8 74 0 :5
>0.2 0 02 '0 01 0.03 0.01 1.41 0.67 1.85 0.88
x 013s —— 0.14 -— 1.89 -— —- -- ——
0.2—2 1.23 0.03 0.84 0.02 3.04 0.07 6.93 0.16
2-20 0.46 0.02 0 11 <0.01 3 16 0.12 5.64 0.21
>20 0.57 0.02 0.41 0.01 3 32 0.09 5.30 0.14









31:0 Exchangeable size Exchangeable
Sanplu lrncﬂon NH noo + :m Hydrolyzable" Tom) Sample fraction N07 ¢ N0 Hydro]yzub1c* Tntnl
No. pl "137;; Inn/l. mg/ﬁ mtg/l. lug/g mg/L rug/g ng/L No. um Ins-.71; Inn/L mg“: .g/l. I'm/9, lug/l. mv/g mu/l.
IIAUMEE RIVER NEHADJI 111171511
1 diis -- 0 -- 0.82 -- -- —- I diss -- 0. -- 0.21 -- -- -~ --
(1.2—: 0.09 0.01 0.50 0.05 -- —— -- 0.2-2 0.04 "0.01 0.61 0.02 -— -— -- --
2-20 0.05 0.01 0.05 0.01 -— -- -- 2-20 0.16 0.01 0.29 0.02 -— -- -- --
>20 0.04 (0.01 0.19 0.01 -- -- -- -— ’20 0.05 ‘0.01 0.10 '0.01 -- ~- -- --
>0.2 0.07 0.02 0.24 0.06 -- -- -- -- >0.2 0.11 0.01 0.38 0.04 -- -- -- -—
11 dis: -- 0.35 -— 6 06 -— -— -- -— 11 digs -- 0.21 -— 0.32 -- -- -- --
0.2-2 1.13 0.07 2.66 0 17 -- -- 7.10 0.45 0. -2 0.43 0.06 0.43 0.06 1.43 0.18 5.45 0.70
2-20 0.08 (0.01 0.18 0 01 1 70 0 09 2.03 0.11 2-20 0.04 0.01 0. 2 0.01 0.68 0.23 1.14 0.39
>20 2.83 0.01 1.49 (0 01 -- -- -— -- >20 0.16 0.02 0.16 0.02 1.73 0.18 2.66 0.28
>0.2 0.69 0.06 1.50 018 -- -- -- —- >0.2 0.15 0.09 0.14 0.08 1.34 0.59 2.38 1.36
111 diss -- 0.21 -- 8 82 -- -— -- -- 111 diss -- 0.77 —- 0.91 -- -- -- '-
0.2-2 0 0 2.70 0 09 1.38 0.05 5.45 0.18 0.2'2 0.09 (0.01 0.15 0.01 1.17 0.05 2.25 0.10
2-20 0.07 (0.01 0.87 0 02 3.81 0.09 6.75 0.15 2-20 0.03 (0.01 0.14 0.01 0.71 0.03 1.74 0.08
>20 0.14 (0.01 1.12 0 01 4.58 0.04 7.31 0.07 >20 0.04 “0.01 0.12 <0.01 1.18 0.01 1.60 0.02
>0.2 0.04 (0.01 1.84 0 12 2.67 0 18 6.49 0.40 >0.2 0.06 0.01 0.14 0.01 0.95 0.09 1.95 0.19
1V disa -- 0.07 -- 3.92 -- -- —— —- 1V diss -- 0.93 —— 1.33 -- -- -- “
0.2-2 0.03 (0.01 0.60 0.05 2.70 0.20 5 16 0.39 0.2-2 0.22 0.01 0.11 (0.01 0.87 0.02 2.42 0.07
2—20 0.02 (0.01 0.12 0.01 3.30 0.37 5 29 0.59 2-20 0.02 <0.01 0.17 0.01 0.74 0.04 1.28 0.00
>20 0.03 40.01 0.16 0.01 4.40 0.28 7.51 0.49 >20 0.02 <0.01 0.07 (0.01 0.75 0.01 2.90 0.05
>0.2 0.02 0.01 0.27 0.07 3.38 0.85 5 80 1.47 >0.2 0.07 0.01 0.14 0.01 0.78 0.07 1.93 0.18
GRAND RIVER V dis! -- 0.28 -- 0.35 -- -- -- --
0.2-? 0.47 0.01 1.52 0.02 2.27 0.03 9.09 0.12
1 £1133 —— 0.53 —— 0.31 -— 0 -- —— 2—20 0.02 (0.01 0.65 0.01 1.33 0.03 3.94 0.07
0.2-2 13.45 0.07 2 92 0.02 21.34 0.12 30.22 0.16 0.2-20 0.20 0.01 0.98 0.03 1.71 0.06 5.00 0.19
2-20 0.32 (0.01 0 76 0.01 5.76 0.06 18.41 0.18
>20 0.32 0.01 0 51 0.01 6.60 0.12 12.66 0.23 V1 digs —- 0.07 -- 0.42 >— -- -- --
>0.2 2.66 0.08 1 07 0.04 9.69 0.2 16.91 0.61 0.2-? 0 0 2.76 0 01 6.00 0.02 12.76 0.05
2-20 -- —— -- -- 4.38 0.01 14.2 0.02
11 digs —— 0.56 -- 0.42 -- -- -- -- 0.2~20 -A -- -— -- 5.61 0.03 13.31 0.07
0.2-2 1.73 0.01 9 09 0.04 7.34 0.03 33.60 0.15
2-20 0.16 (0.01 1 26 0.02 8.56 0.11 13.03 0.16 V11 dies -- 0.07 -— 0.49 -— -- -- --
>20 1.13 “0.01 3 04 ’0.01 -- -- -- -- 0.2-2 0.03 0.01 0.15 0.02 1.14 0.17 1.99 0.29
>0.2 0.61 0.01 3 26 0.06 -— -— -- -- 2-20 0.05 0.01 0 <0.01 0.87 0.25 1.40 0.40
’20 0.60 0.01 3 29 0.06 8.19 0 14 13 23 0 31 ‘20 0.03 0.01 0.04 (0.01 0.66 0.09 1.24 0.16
>0.2 0.04 0.02 0.05 0.03 0.89 0.51 1.51 0.85
111 disa -- 0.35 -A 3.36 -- -— —- —-
0.2-2 0 0 5 49 0.04 1.14 0.01 10 06 0.07 V111 dies -- 0.14 -- 0.70 -— -- -- --
2-20 0 0 0 32 0.01 3.20 0.05 6 22 0.10 0.2-2 0.08 (0.01 0.43 0.02 1.87 0.07 2.49 0.11
>20 0.03 0.01 0 26 ’0.01 4.70 0.08 6.86 0.12 2-20 0.14 0.01 0.03 (0.01 1.79 0.10 3.00 0.17
>0.2 0.03 0.01 1 19 0.05 3.51 0.13 7 19 0.29 >20 0.86 0.02 1.30 0.03 1.78 0.04 2.55 0.08
'0.2 0.25 0.03 0.37 0.05 1.77 0.21 3.05 0.36
1V dis: -- 0.07 -— 3.22 -- -- -- -—
0.2-2 0 0 4 77 0.04 2.40 0.02 9.34 0.07 IX dlss -- 0.21 -- 0.63 -- -- —v --
2-20 0.07 (0.01 1 55 0.03 5.10 0.10 9 34 0.19 0.2-2 0.30 0.01 0.33 0.01 3.43 0.13 7.20 0.59
>20 0.03 ’0.01 9 35 0.02 4.81 0.11 8.69 0.19 2-20 0.05 (0.01 0.03 (0.01 1.34 0.11 2.75 0.25
>0.2 0.09 ’0.01 1 85 0.09 4.60 0.23 9.07 0.45 >20 0.01 (0.01. 0.21 <0.01 2.80 0.06 4.59 0.30
>0.2 0.12 0.01 0.14 0.01 2.10 0.30 3.96 1.14
V diss -- 0 -- 1.96 -- -- —— —-
0.2-2 0.47 (0.01 0 0 1.00 0.01 2.94 0.03 X dila -- 0.28 -- 0.63 -- —— -- --
2-20 0.33 (0.01 0.22 '0.01 12.10 0.17 15.97 0.22 0.2-2 0.01 <0.01 0.25 0.03 0.53 0.07 2.07 0.26
>20 0.06 “0.01 1.16 0.01 -- -- -- -- 2-20 0.02 (0.01 0.01 (0.01 0.31 0.08 0.54 0.13
>0.2 0.34 0.01 0.31 0.01 7.70 0.18 11.04 0.25 >20 0.01 (0.01 0.05 0.01 0.20 0.03 0.40 0.06
>0.2 0.02 0.01 0.08 0.04 0.33 0.18 0.80 0.45
X1 d1ss -- 0.49 -- 0.70 -- -- -- --
0.2-2 0.01 0.05 0.64 0.02 2.55 0.07 7.53 0.20
2-20 0.01 (0.01 0.10 (0.01 1.97 0.08 3.60 0.14
>20 0.01 (0.01 0.20 <0.01 1.50 0.03 3.28 0.06
>0.2 0.06 0.05 0.29 0.03 2.11 0.18 4.75 0.40
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The availability of trace metals associated with suspended tributary
sediments is of importance in determining whether trace metals will be
transported to the bottom sediments through particle sedimentation or
whether the trace metals will be released into the lake water and possibly
accumulated by aquatic organisms. This investigation focused on Cu, Pb,
and Zn. In addition to total metal concentrations, available metal concen-
tractions were estimated using hydroxylamine hydrochloride extraction
(EH—metal) and resin desorption (resin-metal) techniques. The hydroxylamine
hydrochloride reagent solubilizes surface-bound metal associated with metal
(e.g., Fe, Mn) hydrous oxides (1). The resin desorption method is comparable
in principle to the method used for estimating available P involving
equilibration with an anion exchange resin (see Part II). In the case of
the trace metals, a metal chelating resin was used. By removing dissolved
metals from solution, the resin will promote metal desorption from the
sediment particles until an equilibrium is reached between the sediment and



























































































also occur, such as Pb in the Genesee which averaged 60% of the sediment
total Pb.
 




















metal fraction generally represents a smaller fraction than the HH—metal of
the total metal concentration. However, a consistent relationship between
HH-metal and resin—metal was not found.
IV-Z











































































































































































































































































































































































































































































































































































































































































































































































































































fractions or highest in one of the larger size fractions.
The proportion of the total metal present as available metal (HE-metal
or resin—metal) did not differ appreciably among the three particle size
fractions (Tables IV—1, IV—2, IV—3). While some differences were noted in
mean values, the differences were not considered significant in view of
the relatively higher coefficients of variation and the small sample size.
The concentrations and distribution of total and available metals in
intact suspended sediment samples were calculated by summing the individual
size-fraction sediment—weighted metal concentrations (Table IV—4). The
highest concentrations of Cu, Pb, and Zn occurred in the Menomonee sedi—
ments. This likely reflects the numerous sources of trace metals in the
urbanized Menomonee Watershed. Intermediate concentrations were observed
in the Grand and Maumee suspended sediments, while concentrations of all
three metals were appreciably lower in the Genesee and the Nemadji than in


























































































































































































































































































































































































































































0.2 to 2 Um 86 52 49 29(7)* 20(5) (1)
2 to 20 Um 48 68 89 64(8) 32(3) (1)











0.2 to 2 Um 569 76 22 47(5) 11(4) 50(4)
2 to 20 Um 666 71 9 60(5) 26(4) 72(3)
>20 Mm 643 81 18 64(4) 17(4) 44(3)
>0.2 Um 847 68 13 31(3) 12(2) 11(2)
MAUMEE R IVE R
0.2 to 2 pm 117 33 7 64(2) 66(2) (1)
2 to 20 um 81 4o —— 26(2) -(1) -—
>20 um 87 —- -- —(1) -- ——
>0.2 pm 124 -— —— —(1) —— ——
0 to 2 Um 97 -— -- 10(2) -- --
2 to 20 Um 177 -- -- 17(2) -- --
>20 Um 117 -- -- (1) -‘ --
>0.2 pm 126 —- —— (1) -— -—
0.2 to 2 Hm 39 13 5 27(5) 11(2) (1)
2 to 20 Hm 28 3O -- 40(4) 26(2) -—
>20 Um 33 29 3 71(3) (1) (1)
>0.2 Um 34‘ 25 -- 17(2) (1) —-

















































































>0.2 Um 124 32 10 6(2) 33(2) 10(2)
MENOMONEE RIVER
0.2 to 2 Mm 376 62 23 53(5) 16(4) 14(4)
2 to 20 Um 598 48 13 47(5) 29(4) 12(3)
>20 Mm 431 58 21 45(4) 23(4) 17(3)
>0.2 Mm 593 46 18 18(3) 11(2) 12(2)
MAUMEE RIVER
0.2 to 2 Mm 386 20 13 74(2) 25(2) 44(2)
2 to 20 Mm 214 23 10 1(2) -(1) 28(2)
>20 Um 161 -— -- -(1) —- --
>0.2 Um 354 —- —- -(1) -- --
GRAND RIVER
0.2 to 2 um 221 —— —- 28(2) —- --
2 to 20 pm 336 —- -— 20(2) -— -—
>2o pm 198 —— —- -(1) -— -—
>0.2 pm 221 —- —- —(1) —- ——
NEMADJI RIVER
0.2 to 2 Um 150 22 13 26(5) 46(3) 54(4)
2 to 20 Hm 116 21 7 46(4) 53(3) 81(2)
>20 Mm 262 43 ~- 57(3) 87(2) --
>0.2 Hm 138 26 7 8(2) -(1) -(1)
*Number of samples analyzed.
IV—7
Table IV—A. Mean concentrations of total and available
Cu, Pb, and Zn in tributary suspended
sediments.*
  
Tributary Total Metal HH—Metal Resin—metal
ug/L ug/g %
E22223
Genesee 27 61 41 25
Menomonee 25 146 46 37
Maumee ll 66 26 25
Grand 3 80 —— -—
Nemadji 10 45 24 15
Lead
Genesee 23 51 60 71
Menomonee 87 628 76 16
Maumee 17 97 37 7**
Grand 5 140 —— -—
Nemadji 7 32 24 5
Zinc
Genesee 67 150 25 8
Menomonee 65 471 56 19
Maumee 48 279 22 12
Grand 9 265 —— __
Nemadji 32 150 25 10
* Calculated from the mean concentrations in the three
particle size fractions (Tables IV—1,
IV—2,
IV-3) and
the average size distribution and concentrations of the
Suspended sediments (Table 1-3).
** Based on one sample.
IV—8
 Available metal concentrations, measured as HH—metal, ranged from 24
to 41% of the total Cu, 24 to 76% of the total Pb, and 22 to 56% of the
total Zn. For resin-metal, concentrations ranged from 15 to 37% for Cu, 5
to 71% for Pb, and 8 to 19% for Zn. The expected lower proportion of
resin—metal (as compared to HH-metal) was observed in most of the sample
groups, but Pb in the Genesee samples was an exception. These samples also
exhibited a high degree of availability (60and.7l% for HH—Pb and resin-Pb,
respectively). Only Pb in the Menomonee samples exhibited a higher degree
of availability (76%).
The fraction of the total metal present as HH—metal was higher in the
Menomonee samples than in samples from the other tributaries. Relatedly,
total metal concentrations were also highest in the Menomonee samples. This
likely reflects the local sources of trace metals in the urban/industrial
Menomonee Watershed.
The trace metal concentrations expressed on a volume basis did not
follow the same order as concentrations expressed on a sediment basis
(Table IV-4). These differences result from the large differences in mean
suspended sediment concentration among the five tributaries. For example,
the Genesee samples exhibited the highest concentrations of Cu and Zn
expressed on a ug/L basis even though concentrations on a ug/g basis were
relatively low compared to the other tributaries.
The HH-metal is considered the best estimate of the available fraction
of the total trace metal in the sediment. With the exception of the
Menomonee samples and Pb in the Genesee samples, mean HH—metal concentrations
were in the range 22 to 46% of the total metal concentration. The reason for
the high proportion of HH—Pb in the Genesee samples (60%) as compared to Cu
and Zn (41.and 25%, respectively) is uncertain.
IV-9



















































































































 Appond1x IV-A-l. Trace metals in suspended sediments




Sample Sediment Cu Pb Zn
110. fraction Total Resin HHX‘1 Total Resln HHX "10:31 Res1n HHX
um 22. WW2” vg/g“
gust-1E
1 0.2 to 2 -- -- -- -- -- " -' -— '-
2 to 20 90 -- -- 94 -‘ -- 232 -- --
>20 -- -- -- -- -- ~- -- -- -~
)0.2 -- -- -- -- -- -' -- -- --
111 0.2 U) 2 -- -— -- -- -- —— -- -- '-
2 to 20 56 -- -- b7 —- —- 259 -- --
>20 46 -- -- 52 -- -- 212 -- -‘
>0.2 -- -- -- -- -- -- -- --
1\' (1.2 to 2 91 17(19) 50(55) 60 ND 31(52) 163 15(5) 50(27)
2 to 20 67 4(6) 33(49) 23 ND 16(70) 131 17(1)) 27(2))
>20 74 12(16) 12(43) 19 ND 6(30) 67 3(4) 14(21)
)0.2 77 11(15) 38(49) 33 ND 17(52) 125 11(9) 29(24)
V {1.2 La 2 9‘) 15(113) 49(52) 73 ND 37(51) 210 39(17) 105(4(;)
2 to 20 61 5(5) 30(49) 39 1D 18(46) 137 4(1) 35(26)
>20 17 1(6) 7(39) 27 ND 18(67) 4!» 1(2) 15(33)
>0.2 51 M12) 25(49) 43 I‘ll) 23(53) 12? 12(10) 47(39)
VIII 0.2 [u 2 121 ND 24(20) 80 -- 151 -- 50(3))
2 [u 20 72 {JD -- 31 -- 12-1 ~~ ‘-
>20 102 ND -- 39 -- -- 151 —- ——
>0. 2 -- 1"!) -- -- ~< -- -- >> --
1X 0.2 to Z 81 27(3)) 10(22) 104 “(49) 51(49) 181 ~- 40(25)
2 Ln 20 [U 7(70) 1|(l40) )(r 32(89) 32(89) 112 -- 17(15)
>20 '11 4(19) '12 14 9(64) 9(b4) A} —— “(19)
>n.2 -— -— —— -— -— -— —— -— —-
X 0.2 Ln 2 B4 -- 17(20) so -- -— 1qu —— 65(42)
2 In 20 -- -- 29 -- -- -- -- -- 19
>20 -- -- -- -- -- -- -' -- --
>0.Z -- -- -- -- n —- “ '— '-
XI 0.2 to 2 27 -- 4b(>100) 132 -- -- 53(40) 344 110(40)
PEI-'OMONIIE RIVER
1 0.2 to 2 107 63(59) 65(61) 720 260(36) 513(71) 530 120(23) 269(55)
2 to 20 114 48(36) 57(43) 1062 166(16) 300(75) 7B7 100(1)) 111(40)
>20 162 46(28) 62(38) 1223 145(12) 873(71) 626 111(18) 265(42)
>0.2 147 48(33) 60(41) 1122 162(14) 816(73) 680 108(16) 284(42)
II 0.2 to Z 229 148(65) 159(69) 904 79(9) (780(75) 726 154(21) 480(66)
2 to 20 327 55(18) 99(30) 1112 101(9) 521(47) 1001 124(12) 336(34)
>20 191 20(10) 56(45) 666 98(15) 480(72) 439 109(25) 274(62)
)0.2 234 3907) 94(40) 814 911(12) 504(62) 625 116(19) 305(49)
III 0.2 to 2 116 54(47) 61(5)) 1913 35(18) 141(7)) 418 111(27) 208(50)
2 to 20 126 26(21) 60(48) 233 8(3) 166(71) 341 5005) 172(50)
>20 -- -- -- -' ‘- -- '-
>0.2 -- -- -- -- -- -- -- '- -~
IV 0.2 to 2 165 -- 121(7)) 467 -- 409(88) 428 —~ 330(77)
2 to 20 ISO -- 475 -- -- 433 -- --
>20 200 —- 106(5)) 068 -- 535(80) 493 —‘ 359(7))
)0.2 185 -- -- 604 -- -- 474 -— ——
HAUHIZE “IVER
I 0.2 to 2 112 42(32) 32(24) 170 12(7) 82(48) 588 50(9) 9h(16)
2 [o 20 '13 11(20) “(20) 96 ND 38(40) 214 18(3) 50(23)
>20 4‘) -- -- B7 -- 161 V -- --
>0.Z R4 -- -- 124 -- -- 354 -- --
11 0.2 1.0 2 43 -- 19(44) 54 1111 11(17) 184 32(17) 42(23)
2 to 20 47 8(17) -- 66 HD -- 213 25(12) —-
>20 -- -- -- -- -- -‘ -— -- --
>0.2 -- -- -- -- " '— -- -' ‘-
CRAHD RIVER
l 0.2 to 2 6‘) -- -- 10] -- -- 177 -- --
2 [n 20 61 -— -- 156 -- -- 289 —- --
>20 64 -~ -- 117 -- -- 19B -- --
XL! 64 -- -- 126 -- -- 221 -- -’
II 0.2 In 2 114 9(8) " 90 ND ‘- 265 132(50) --
Z to 20 112 -- -- 19B -- 382 -- -‘
>20 -- -- -— -- -- -‘ -- --
>0.2 -— -- ~- ‘- n n u -‘ --
HEMADJI RIVER
1 0.2 to 2 26 8(31) 10(38) 21 ND 3(14) 93 20(22) 29(31)
2 [o 20 45 6(13) 13(29) 41 ND 10(24) 161 13(11) 47(29)
>20 —- -- ‘- -— -- - --
)O.Z -- -- ‘- -- n u -- -- --
II 0.2 to 2 51 13(25) 12(24) 42 2(5) 501) 157 20(13) 36(23)
2 to 20 411 3(6) “(23) 31 ND 11(35) 144 5(3) 36(25)
>20 51 8(16) 9(18) 59 2(3) “(29) 1119 1702) 48(35)
>0.2 49 N13) 11(22) 38 ND 10(25) 146 11(7) 38(26)
111 0.2 Ln 2 75 12(16) -- 38 ND -- 180 17(9) '-
2 to 20 51 3(6) -- 2] ND -- 133 12(9) --
>20 -- -- -- -- -- -— -— —- ~-
>0. 2 -— —- -- -- -- -- —- -- -—
1v 0.2 m 2 71 11(15) -- as ND -- 157 12(5) --
2 to 20 u -- -- 23 -- —- us - --
>20 33 -- —- 21 -- -- a: -- --
>o.2 sn -- -- 30 -— -~ 130 -- --
*llllx 15 hydroxylanlne hydrochloride extrnctlon.
*‘Valuu in parentheses expressed u percentage of total.
ND 1! lllple below detection limit.
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.2
C
0.
2—
2
2—20
>20
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